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INTRODUCTION  
Hypochlorous acid (HOCl) is a strong oxidizing agent, destroying target organisms by 
oxidation of their cellular material. HOCl has been shown to be effective in eliminating large 
populations of both pathogenic and spoilage microorganisms. Hence its use in the food 
industry is well established. This decontamination agent is used for disinfection of surfaces in 
contact with foods and of drinking water. In addition however it is also used on a variety of 
commodities including, meat, poultry, fish and fish products, fruits and vegetables to improve 
their safety and to extent their shelf- life (Azanza et al.; Erickson, 1999; FAO/WHO, 2008a; 
Reuter, 1998; Silveira et al., 2008; Stober et al., 1980; Vandekinderen et al., 2009c). 
FAO and WHO have considered the issue of chlorine usage in food processing on an 
expert meeting with respect to the associated risks and benefits (FAO/WHO, 2008a). On basis 
of such studies, WHO/FAO and EFSA concluded that the use of hypochlorite/hypochlorous 
acid, even in direct contact with foods (20-50 mg/L in poultry carcass spray or chiller water; 
50-500 mg/L in red meat carcass spray; 200 mg/L in fish and fishery washing water; 20-200 
mg/L in leafy greens spray or dip water, …), would be of no safety concern (EFSA, 2005; 
FAO/WHO, 2000; FAO/WHO, 2008a). In the food industry, chlorine is especially used as a 
hygienic processing aid rather than as a decontamination agent. Processing aids are defined in 
Article 3.2 of Regulation (EC) 1333/2008 on food additives as “any substances not consumed 
as a food itself, intentionally used in the processing of raw materials, foods or their 
ingredients to fulfill a certain technological purpose during treatment and processing and 
which may result in the unintentional but technically unavoidable presence of residues of the 
substance or its derivatives in the final product, provided that these residues do not present 
any health risk and do not have any technological effect on the finished product”. The 
widespread use of chlorine was recently indirectly demonstrated in a big study coordinated by 
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FoodDrinkEurope showing that chlorate, an inevitable byproduct of the use of hypochlorite 
and a side product of chlorine dioxide, was present in 50 percent of the more than 3400 food 
samples analysed, above the default EU - Maximum residue level of 0,01 mg/kg (Kettlitz et 
al., 2016). As processing aids are not regulated at EU level, Member States can adopt specific 
rules for hygienic processing aids, leading to some variation among the member states. The 
disinfection of drinking water or surfaces in contact with food, falls within the scope of the 
Biocidal Product Regulation (EU) No 528/2012. Currently the use of hypochlorite and other 
disinfection products is under assessment in the review program of biocidal active substances 
established under Regulation (EU) No 1062/2014. Consequently, it is obvious that the legal 
status of hypochlorite as a processing/decontamination aid within the EU is not always clear 
and not harmonized. Not surprisingly, also on a broader international scale, its legal status is 
not consistent. The EU for instance prohibits the use of chlorine as a sanitizer to 
decontaminate animal products while it is allowed in the US. Such different legal approaches 
lead to difficulties in free trade.  
Apart from the benefits and risks linked to the use of chlorine and other 
disinfection/decontamination products on foods, also the aspect of consumer acceptance 
should be considered. In 2014 for instance, during the fourth round of negotiations of the EU-
US Transatlantic Trade and Investment Partnership (Brussels, 10-14 march 2014), the EU 
Green Party reiterated “We do not want chlorine chicken”. Indeed, (MacRitchie et al., 2014) 
assessed the consumer acceptability of interventions to reduce Campylobacter, the most 
common cause of bacterial gastrointestinal disease, in poultry production. They found that 
although irradiation treatment and a chlorine wash of chicken meat at processing plants were 
highly effective in reducing Campylobacter, they were never acceptable to >50% of the 
participants. 
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Although safety concerns are currently not considered relevant, the use of chlorine in 
direct food contact applications can be the cause of problems and discussions. First of all, the 
concentrations used for decontamination purposes can be too high because of insufficient care 
or ignorance by the producers. Secondly, in view of the above mentioned inconsistent status 
of hypochlorite as a disinfection agent within an international context and given the increased 
international trade of foods, EU importers and enforcement bodies are confronted with the 
potential import of for instance animal products sanitized with hypochlorite as a 
decontamination agent, which is however prohibited in the EU. Also the aspects of food 
quality and acceptability should be considered. Thus, the use of hypochlorite in high quality 
products (which are manufactured to the high possible standards: ISO, HACCP, GMP, GAP, 
etc.) for instance would not be considered acceptable by an important part of the consumer 
and hence by the retailer.  
In short it is obvious that it can be useful to evaluate whether a particular food has been 
treated with hypochlorite. Given the reactivity of this agent, it is unlikely that residual 
amounts of the active compound as such are still present in the treated foods. Therefore there 
is a need for a potential biomarker which can be used to assess if a food has been treated with 
HOCl and preferably to which extent. A potential biomarker should be determined by an 
assay that is specific, sensitive and relatively easily assessable (Dalle-Donne et al., 2005; 
Griffiths et al., 2002). The formation of 3-chlorotyrosine seems a potential analytical target to 
assess the use of HOCl in a protein containing food matrix. First of all, its production has 
been described as a result of the myeloperoxidase derived HOCl production in cells (Hazen 
and Heinecke, 1997; Kettle et al., 2004; Talib et al., 2012; Whiteman and Spencer, 2008). 
Furthermore, 3-chlorotyrosine is stable under the acidic conditions required to hydrolyze 
proteins (Winterbourn and Kettle, 2000). Interestingly it should be noted as well that 3-
chlorotyrosine has been reported to cause severe cases of epilepsy in dog puppies upon 
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consumption of pet food containing hypochlorite treated ingredients (Vromant, 2011; 
Vromant, 2016), indicating its toxic potential. Hence the formation and presence of this 
compound in protein containing matrices is of interest as well from a food safety perspective.  
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SUMMARY 
In the food industry, chlorine (typically in the form of hypochlorous acid - HOCl) is 
used especially as a processing aid to disinfect water but in some cases also as a 
decontamination agent, to reduce the microbiological load of foodstuffs. Its use may result in 
the formation of toxic disinfection byproducts, but it is currently generally accepted that 
below particular intensities its use does not represent a safety concern even in direct contact 
with foods. In the European Union (EU), direct contact with products is however prohibited 
and its legal status as an aid to control microbial contamination is not harmonized either. In 
view of the recently reported widespread presence of chlorate, an indirect indicator of the use 
chlorine disinfection agents, in a broad variety of food and food ingredients in the EU, it is 
obvious that such agents are frequently used within the food industry, be it for indirect or 
direct applications.  
Apart from the legal discussions with respect to the application of such substances on 
foods, also the aspect of consumer acceptability should be considered: not every consumer 
accepts the fact that his/her food has been brought in contact with hypochlorite bleach. The 
absence of such use can thus be considered as a quality criterion. Hence law enforcement and 
quality control would benefit from a way to demonstrate and eventually quantitate the use of 
hypochlorite in foods. In view of the high reactivity of hypochlorite however, it is unlikely 
that residual amounts of the active substance are still found in the food matrix. Therefore, a 
suitable biomarker showing the use of hypochlorite in a particular food matrix would be able 
to fulfill this goal. The formation of 3-chlorotyrosine seems a potential analytical target to 
assess the use of chlorine in a protein containing food matrix. In view of its reported 
neurotoxicity, 3-chlorotyrosine is moreover an interesting target considering particular human 
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health risks which were not considered yet in the safety evaluation of these disinfection 
products in direct or indirect food contact applications.  
Therefore this PhD research is carried out in order to (1) evaluate the impact of chlorine 
on dairy proteins considering various molecular changes on protein level, and compare them 
with the formation of 3-chlorotyrosine and this at various pH levels; (2) to investigate the 3-
chlorotyrosine formation in both animal and vegetable tissues; and (3) to perform a dietary 
exposure and risk assessment on 3-chlorotyrosine via vegetable consumption. 
In the literature study (Chapter 1), chemical and physical-based treatments for 
disinfection of food products such as chlorine, chlorine dioxide, acidified sodium chlorite, 
ozone, hydrogen peroxide, peroxyacetic acid, electrolyzed water, trisodium phosphate, 
organic acids, irradiation and high pressure processing are shortly overviewed. Afterwards, 
the use of chlorine in poultry, red meat, fish and fishery products, fruit and vegetable 
processing is presented. Its impact on microbiological control as function of relevant factors is 
discussed. The formation of chlorine disinfection by-products, the toxicology and risk 
assessment of chlorine and its by-products is given. Moreover, 3-chlorotyrosine and other 
biomarkers of myeloperoxidase – derived HOCl are introduced. Finally, 3-chlorotyrosine 
analytical detection techniques are discussed.  
In Chapter 2, the potency of 3-chlorotyrosine was evaluated as an indicator for the use 
of HOCl in contact with foods in comparison with the other molecular changes in proteins 
using dairy proteins (casein and whey proteins respectively) as a model at various 
oxidant/protein ratios and at different pHs. The levels of 3-chlorotyrosine, measured using a 
stable isotope dilution GC/MS method, increased as function of the oxidant/protein ratio but 
reached a maximum at 2.8 mmol HOCl/g protein for both proteins studied. The formation of 
3-chlorotyrosine proved to be pH dependent in a protein dependent manner. The increase in 
protein carbonyls however depended only on the HOCl/protein ratio, but not on the pH. 
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Protein aggregation was more pronounced at alkaline pH. While the depletion of the total 
thiol content in caseins was quite limited, a clear impact of pH on the protein thiols was 
observed in whey proteins with a stronger degradation at acidic pH. Tryptophan, methionine, 
tyrosine and lysine in whey proteins showed more degradation at pH 8.0, whereas methionine 
and histidine in caseins were more vulnerable for degradation at pH 5.8. The available lysine 
content notably decreased upon HOCl treatment and was more pronounced at pH 8 for both 
proteins, however, lysine was typically less stable in caseins than in whey. It is concluded that 
3-chlorotyrosine provided a more accurate and consistent assessment of the impact of HOCl 
damage on proteins.  
Chapter 3 investigated the chlorination of tyrosine in fish fillets as a result of HOCl 
dipping. European plaice (Pleuronectes platessa) and gilthead seabream (Sparus aurata) were 
used in this work as case examples. In European plaice, 3-chlorotyrosine content was higher 
at the surface than at the inner portions of fish fillets and increased with increasing dipping 
time and HOCl concentration. Using the same dipping conditions, much less 3-chlorotyrosine 
was found in gilthead seabream than in European plaice. Experiments showed the clear 
impact of dipping time and HOCl concentration on the formation of 3-chlorotyrosine at the 
gilthead seabream fillet surface and the levels of 3-chlorotyrosine reached a plateau at 700 mg 
HOCl/L as it is probably further converted to 3,5-dichlorotyrosine. 3-Chlorotyrosine 
formation was evaluated in four fish species (whiting, European plaice, gilthead seabream and 
Atlantic salmon) and proved to be species dependent, but no direct link with the fat content 
could be found. During the chilled storage (4 °C) of the treated fillets, 3-chlorotyrosine 
concentrations were found to be constant. Based on our study it can be concluded that 3-
chlorotyrosine is a potential marker to detect the use of chlorine disinfectants in fish fillets. 
The lowest detectable concentration of hypochlorite during the dipping of gilthead seabream 
amounted 22 mg per liter. 
Summary  
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Chapter 4 studied the formation (based on lab simulations of the washing process) and 
occurrence of 3-chlorotyrosine in ready-to-eat (RTE) vegetables (based on a screening of 
commercially RTE vegetables, refrigerated and frozen on the Belgian market). In addition, the 
dietary exposure via RTE vegetable consumption for Belgian and Spanish populations, 
exemplifying Northern European lower RTE vegetable consumption and Mediterranean 
higher consumption patterns, was estimated. During washing of iceberg lettuce with HOCl 
solutions, a concentration-dependent 3-chlorotyrosine formation was observed. As also six 
commercially available ready-to-eat iceberg lettuces from different producers contained 3-
chlorotyrosine from 1.00 to 2.24 µg/g vegetable, a total of 122 ready-to-eat vegetable samples 
purchased in Belgian retailers were screened for their 3-chlorotyrosine content. 3-
Chlorotyrosine was detected above the detection limit (0.19 μg/g sample) in 97, 24 and 14% 
of the lettuce mixes, vegetable mixes and frozen vegetables, respectively. Exposure to 3-
chlorotyrosine from the frozen vegetables and RTE vegetable mixes was lower compared to 
the intake via the RTE lettuce mixes. 3-Chlorotyrosine exposure via lettuce mixes could be 
considered as a potential public health concern, especially in higher consuming populations 
using the threshold of toxicological concern (TCC) concept. It is thus necessary to gain more 
knowledge on the impact of the application of chlorine based disinfection products in 
vegetable washing processes on the presence of chemical by-products apart from the well-
studied trihalomethanes and haloacetic acids. 
The general discussions, conclusions and future perspectives are presented in Chapter 
5. 
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SAMENVATTING 
In de voedingsindustrie wordt chloor, typisch onder de vorm van hypochloorzuur of 
bleekwater gebruikt als technologische hulpstof om het kiemgetal van (was-) water onder 
controle te houden (‘disinfectie’) of zelf in sommige gevallen de behandelde levensmiddelen 
te decontamineren (‘decontaminatie’). Door het gebruik van deze producten kunnen toxische 
bijproducten ontstaan, maar momenteel wordt ervan uit gegaan dat deze behandelingen geen 
voedselveiligheidsrisico inhouden indien een bepaald intensiteitsniveau gerespecteerd wordt. 
Dit zou zo zelfs zijn indien deze producten rechtstreeks worden toegepast op het 
levensmiddel. In de Europese Unie (EU) echter is het direct contact van deze 
disinfectieproducten met levensmiddelen verboden en is tevens de legale status van het 
gebruik van deze disinfectieproducten als middel om het kiemgetal onder controle te houden 
(dus als decontaminatiemiddel) niet geharmoniseerd tussen de lidstaten. In het licht van de 
recent gerapporteerde wijdverspreide aanwezigheid van chloraat, welke een indirecte 
indicator is van het gebruik van chloorhoudende disinfectieproducten, in een brede waaier aan 
levensmiddelen en levensmiddeleningrediënten, is het duidelijk dat het gebruik van deze 
producten een courante praktijk is, hetzij via indirect of direct contact. 
Naast de discussies omtrent de wettelijke status van het gebruik van deze 
disinfectieproducten op levensmiddelen, dient ook rekening gehouden te worden met het 
aspect van de aanvaarding van de consument: niet iedere consument aanvaardt dat zijn/haar 
levensmiddelen met bleekwater behandeld werden. De afwezigheid van het gebruik van deze 
disinfectieproducten kan aldus beschouwd worden als een kwaliteitscriterium. Bijgevolg zou 
het handhaven van de wet en de kwaliteitscontrole er baat bij hebben om het gebruik van 
hypochloriet in levensmiddelen aan te tonen en mogelijks te kwantificeren. Rekening 
houdende met de hoge reactiviteit van hypochloriet is het echter onwaarschijnlijk dat 
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residuele gehalten aan de actieve substantie achter blijven in het levensmiddel. Daarom zou 
een geschikte biomerker, die het gebruik van hypochloriet in bepaalde levensmiddelen 
aantoont, dit doel kunnen vervullen. 3-Chloortyrosine lijkt een doelmolecule te zijn met 
potentieel in deze richting voor levensmiddelen die eiwitten bevatten. In het licht van de 
gedocumenteerde neurotoxiciteit van 3-chloortyrosine is het bestuderen van deze molecule 
ook interessant in het kader van de volksgezondheid, gezien zij tot hiertoe nog nooit is 
beschouwd in de veiligheidsevaluatie van de indirecte of directe toepassing van 
disinfectieproducten in levensmiddelen.  
Daarom werd dit doctoraal onderzoek verricht met als doel om (1) te evalueren wat de 
impact is van een hypochlorietbehandeling op zuiveleiwitten rekening houdende met diverse 
moleculaire indicatoren op eiwitniveau en deze te vergelijken met de vorming van 3-
chloortyrosine en dit bij verschillende pH niveaus; (2) de vorming van 3-chloortyrosine in 
zowel dierlijke als plantaardige matrices te onderzoeken en (3) een blootstellings- en 
risicoinschatting te maken van de inname van 3-chloortyrosine via de consumptie van 
groenten.  
In het literatuuroverzicht (Hoofdstuk 1) wordt een overzicht gegeven van chemische en 
fysische disinfectiemiddelen voor levensmiddelen, waaronder het gebruik van hypochloriet, 
chloordioxide, aangezuurd natriumchloriet, waterstofperoxide, perazijnzuur, geëlectrolyseerd 
water, trinatriumfosfaat, organische zuren, irradiatie en hoge isostatische drukbehandeling. 
Vervolgens wordt kort stilgestaan bij het gebruik van bleekwater in gevogelte, rood vlees, vis 
en visserijproducten, en de groeten- en fruitverwerking. De impact op de microbiologische 
parameters van deze producten als functie van relevante parameters wordt besproken. De 
vorming van disinfectiebijproducten door het gebruik van hypochloriet, de toxische 
eigenschappen van deze componenten en een risico-inschatting wordt besproken. Bovendien 
wordt stilgestaan bij de vorming van 3-chloortyrosine en andere beschreven eiwitbiomerkers 
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die ontstaan vanuit het door myeloperoxidase gevormde hypochloriet. Tenslotte wordt een 
overzicht gegeven van de analytische methoden om 3-chloortyrosine te bepalen. 
In Hoofdstuk 2 wordt het potentieel geëvalueerd om 3-chloortyrosine te gebruiken als 
indicator voor het gebruik van hypochloriet in contact met levensmiddelen vast te stellen in 
vergelijking met andere moleculaire wijzigingen in eiwitten. Hiertoe werd gebruik gemaakt 
van zuiveleiwitten (caseïne en wei) als model bij verschillende oxidant/eiwit ratio’s en bij 
verschillende zuurtegraden. De 3-chloortyrosinegehalten, gemeten door gebruik te maken van 
een GC/MS methode die gebruik maakte van stabiele isotoop verdunning, namen toe als 
functie van de oxidant/eiwit verhouding maar bereikten een maximum bij een 2.8 mmol 
HOCl/g eiwit verhouding voor beide bestudeerde eiwitten. De 3-chloortyrosinevorming bleek 
pH afhankelijk te zijn en dit op een eiwitafhankelijke manier. De toename van 
eiwitcarbonylgroepen hing af van de oxidant/eiwit verhouding, doch niet van de zuurtegraad. 
Eiwitaggregatie was meer uitgesproken in alkalische omstandigheden. Daar waar de afbraak 
van thiolgroepen in caseïne-eiwitten beperkt bleef, werd bij de wei-eiwitten een pH-
afhankelijke afbraak vastgesteld die sterker was in zure omstandigheden. In de wei-eiwitten 
bleken tryptofaan, methionine en lysine het gevoeligst voor afbraak bij pH 8, terwijl in 
caseïne methionine en histidine het meest gevoelig bleken voor afbraak, maar dan bij pH 5.8. 
Het gehalte beschikbaar lysine nam duidelijk af als gevolg van de hypochlorietbehandeling, 
met name bij pH 8 en dit voor beide eiwitten. Echter, in wei bleek het lysine stabieler dan in 
caseïne. Er werd besloten dat 3-chloortyrosine een meer accuraat en consistent beeld gaf van 
de impact van hypochloriet op de eiwitafbraak.  
Hoofdstuk 3 bestudeerde de chlorering van tyrosine in visfilets ten gevolge van een 
onderdompeling van deze filets in een verdunde bleekwateroplossing. Europese pladijs 
(Pleuronectes platessa) en goudbrasem (Sparus aurata) werden gebruikt als model. In de 
pladijsfilets werd vastgesteld dat het 3-chloortyrosinegehalte aan de oppervlakte hoger was 
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dan aan de binnenkant van de filets en toenam als functie van een toegenomen dompeltijd en 
hypochlorietconcentratie. Onder dezelfde omstandigheden bleek de vorming van 3-
chloortyrosine in de goudbrasem minder op te treden dan in de pladijs. Ook in de goudbrasem 
werd een duidelijk effect van de dompeltijd en hypochlorietconcentratie op de 3-
chloortyrosinevorming vastgesteld, waarbij een plateau werd bereikt bij 700 mg 
hypochloorzuur per liter. Vermoedelijk begint de vorming van 3,5-dichloortyrosine in deze 
omstandigheden te domineren. De vorming van 3-chloortyrosine werd bestudeerd in vier 
verschillende vissoorten (wijting, Europese pladijs, goudbrasem en Atlantisch zalm). 
Zodoende werd vastgesteld dat deze soortafhankelijk is, hoewel er geen eenduidig verband 
kon gevonden worden met het vetgehalte van de visfilets. Gedurende gekoelde bewaring (4 
°C) bleek het 3-chloortyrosinegehalte constant te zijn. Op basis van deze studie werd besloten 
dat 3-chloortyrosine een potentiële merker is om het gebruik van chloorhoudende 
disinfectiemiddelen voor het behandelen van visfilets vast te stellen. De laagste vast te stellen 
hypochloriet concentratie bij de behandeling van goudbrasem bedroeg 22 mg hypochloriet per 
liter. 
Hoofdstuk 4 bestudeerde de vorming van 3-chloortyrosine bij het simuleren van 
industriële wasprocessen zoals deze worden toegepast bij vers gesneden groenten. Tevens 
werd de aanwezigheid van deze merker in kant-en-klare groenten (vers en diepgevroren) 
onderzocht aan de hand van een marktstudie. Op basis van de bekomen gegevens werd een 
bloostellingsinschatting gemaakt door de groentenconsumptie van de Belgisch en Spaanse 
consument te beschouwen. Deze staan model voor respectievelijk de Noord-Europese 
consument met een beperktere consumptie van kant-en-klaar verse groenten en de 
Mediterrane hogere consumptie. Gedurende het wassen van ijsbergsla met verdunde 
bleekwateroplossingen werd een concentratieafhankelijke 3-chloortyrosinevorming 
vastgesteld. Hierop werden 6 commerciële stalen kant-en-klaar ijsbergsla bemonsterd van 
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verschillende producten waaruit bleek dat de 3-chloortyrosineconcentratie varieerde tussen de 
1.00 en 2.24 µg per gram. Op basis van deze gegevens werd een uitvoerige screening 
uitgevoerd van 122 kant-en-klare groenten die werden aangekocht in diverse Belgische 
supermarkten. Hieruit bleek dat 3-chloortyrosine werd gedetecteerd detectielimiet (0.19 μg/g 
monster) in 97, 24 en 14% van de stalen kant-en-klare gemengde sla, gemengde groenten en 
diepvriesgroenten. De inname van 3-chloortyrosine via diepvriesgroenten en verse gemengde 
groenten bleek lager te zijn dan de inname via de gemengde sla. De blootstelling aan 3-
chloortyrosine via gemengde sla werd als een potentieel voedselveiligheidsrisico beschouwd 
vooral voor de populatie met een hogere consumptie, en dit op basis van het principe van de 
drempelwaarde voor toxicologische ongerustheid (threshold of toxicological concern (TCC)). 
Het werd dan ook noodzakelijk geacht om meer kennis op te bouwen omtrent de impact van 
chloorhoudende disinfectieproducten tijdens het wassen van vers gesneden groenten, op de 
vorming van chemische bijproducten, naast de goed bestudeerde vorming van 
trihalomethanen en halozuren.  
Een algemene discussie, conclusies en perspectieven worden gepresenteerd in Hoofdstuk 
5.
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CHAPTER 1. LITERATURE REVIEW AND OBJECTIVE 
1.1 Chemical-based treatments for disinfection of food products 
Food-borne diseases are considered an important public health concern. According to the 
Centers for Disease Control and Prevention, during 1998–2008 in the US, the pathogen-
commodity pairs most commonly in charge for outbreak-related illnesses were Norovirus and 
leafy vegetables (4011 illnesses), Clostridium perfringens and poultry (3452 illnesses), 
Salmonella and vine-stalk vegetables (3216 illnesses) and Clostridium perfringens and beef 
(2963 illnesses) on a total of 13405 food-borne disease outbreaks reported (Gould et al., 
2013). During the period 2004–2012, Norovirus was the main pathogen responsible to food-
borne outbreaks in fresh fruits and vegetables (59% in the US and 53% in the EU). Following, 
Salmonella was accounted for half of the outbreaks due to bacteria (53% in the US and 50% 
in the EU) whereas Escherichia coli and Campylobacter outbreaks were more prevalent in the 
US than in the EU (Callejon et al., 2015). The European Food Safety Authority (EFSA) and 
the European Center for Disease Prevention and Control reported the occurrence of zoonoses 
and food-borne outbreaks in European countries with 5262 outbreaks in 2010, 5648 outbreaks 
in 2011, 5363 outbreaks in 2012, 5196 outbreaks in 2013 (EFSA, 2012; EFSA, 2013; EFSA, 
2014b; EFSA, 2015). Most of the reported food-borne outbreaks were caused by Salmonella, 
bacterial toxins, viruses and Campylobacter and the main food sources were eggs, mixed 
foods and fish and fishery products. In order to contribute to consumer health protection, 
food-borne outbreaks should be avoided. In addition to other management options, for 
instance respecting the cold chain, good manufacturing practices, a implemented HACCP 
systems, etc., to ensure the safety of food products decontamination or disinfectant products 
are sometimes used in direct contact with foods, in order to lower the microbiological 
contamination of these products. Thus not only pathogenic micro-organisms are potentially 
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inactivated, but also the spoilage flora of these commodities can be reduced, which will be 
beneficial for the shelf- life. 
The role of disinfectants and decontaminants used in food processing and food production 
is to inactivate or destroy microbial populations in process water or on the surface of 
products, prevent the transfer of these organisms from process water to products or from one 
surface to another (Fukuzaki, 2006; Hirneisen et al., 2010). Indeed, it should be realized that 
during processing a carry-over of micro-organisms via e.g. the wash water is possible and that 
this may result in a deterioration of the microbiological quality of the initial product. Addition 
of such agents to the wash water in order to prevent this carry-over phenomenon is typically 
indicated as a water disinfection treatment, which does not aim to lower the initial 
microbiological quality of the food product (Van Haute et al., 2015a). For decontamination, 
higher concentrations of the disinfecting substance will be applied, compared to the 
concentrations used if a disinfection is intended. 
Disinfectants are chosen based on their effectiveness, safety and easiness to use, stability 
and cost (Van Haute et al., 2015b). Moreover, the disinfectants should not produce toxic 
residues or residues that affect the quality of the food (Wirtanen and Salo, 2003). Disinfection 
or contamination can be accomplished by means of chemical disinfectants such as chlorine, 
chlorine dioxide, acidified sodium chlorite, ozone, hydrogen peroxide, etc.  For those 
disinfectants, the microbial resistance generally increases in the following order: vegetative 
bacteria < viruses < Giardia cysts < bacterial spores and Cryptosporidium oocysts. 
Disinfection efficiency against bacterial spores and protozoan parasites can be ranked 
according to increased efficiency as following: hydrogen peroxide < chlorine < peroxyacetic 
acid < chlorine dioxide < ozone. Resistance of E. coli against chemical disinfectants is 
according to the following order: chlorine < chlorine dioxide < ozone (Van Haute, 2014).  
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1.1.1 Chlorine 
Historically, chlorine was first used as a disinfectant to control waterborne infectious 
diseases in 1897 and was then applied for the fish industry in 1935 (Andrews et al., 2002). 
Three forms of chlorine have been approved for use in the food industry: chlorine gas (Cl2), 
calcium hypochlorite (Ca(OCl)2, granular or powdered form) and sodium hypochlorite 
(NaOCl, liquid form). According to the World Health Organization (Beuchat, 1998), for 
disinfection procedures, chlorine (as hypochlorite, OClˉ) is generally used in the 50 to 200 
mg/L range, at pH of 6.0 to 7.5 and with a typical contact time of 1-2 min.  
Although chlorine is the most generally used disinfectant, its efficiency decreases in the 
presence of organic material. In addition care should be taken during chlorine production 
because of the release of toxic chlorine gas (Fukuzaki, 2006; Goodburn and Wallace, 2013; 
Ramos et al., 2013). The main disadvantage of chlorine is related to its environmental impact 
and the potential health affects regarding the formation of chlorinated disinfectant by-products 
(DBPs) such as trihalomethanes, haloacetic acids and haloacetonitriles. These chlorinated 
DBPs are produced by the reaction of hypochlorous acid/hypochlorite ion (HOCl/OClˉ) with 
organic residues (WHO, 2000). In addition, chlorate can be form during storage of 
hypochlorite. However, the advantages of chlorine use seem to predominate these health 
concerns. Indeed, chlorine remains a convenient (easy to use, short contact time with the 
products) and low cost disinfectant for use against a broad microbial spectrum (FDA, 2009; 
Wirtanen and Salo, 2003). The use of chlorine as a sanitizer to decontaminate animal products 
is prohibited in the EU while it is allowed in the US. For fresh-cut industry, chlorine can be 
applied only in low concentration for water disinfection in some European countries such as 
Germany, Switzerland, the Netherlands, Denmark and Belgium.  
The use of chlorine in food processing will be explained more in detail in section 1.2. 
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1.1.2 Chlorine dioxide (ClO2) 
As an alternative to chlorine, chlorine dioxide is a strong oxidizing agent that is normally 
made in situ by combining 2 products in solution as well as in the gaseous state. Now there is 
already a ready-to-use solution on the market (Vandekinderen et al., 2009a). ClO2  has a 2.5 
times greater oxidant capacity than that of chlorine (in HOCl) (Gómez-López et al., 2009). 
Some factors influence the bacterial reduction by chlorine dioxide, such as the ClO2 
concentration, time of exposure, relative humidity and temperature. In contrast to chlorine, the 
presence of high amounts of organic matter seems not to be a major influencing factor 
(Hirneisen et al., 2010; Kim et al., 1999b). In addition, ClO₂ does not react with ammonia or 
organic compounds to form harmful chlorinated by-products, like trihalomethanes (Kim et al., 
1999a; Ramos et al., 2013). If chlorinated DBPs are produced, this can be attributed to the 
presence of excess chlorine due to suboptimal ClO₂ generator performance (Van Haute et al., 
2017). In water, ClO2 can decompose to chlorite (ClO2
-
) and a side product chlorate (ClO3
-
) as 
follows: 
2ClO2 + H2O  ClO2
ˉ
 + ClO3
ˉ
 + 2H
+        
(1.1)
 
Although these ClO2 by-products are of toxicological concern, ClO2
ˉ
, ClO3
ˉ
 and ClO2 
are not classified as carcinogenic to humans by the International Agency for Research on 
Cancer (EFSA, 2005; Gómez-López et al., 2009; Kim et al., 1999b; WHO, 2000). 
In the EU, application of ClO2 for food decontamination is not legalized. In the US, a 
maximum of 200 mg/L ClO2 is allowed for sanitizing of processing equipment, a maximum 
of 3 mg/L is permitted for contact with whole poultry carcasses and ClO2 at 5 mg/L is 
approved for rinsing of uncut, un-peeled fruits and vegetables by the Food and Drug 
Administration (FDA) (EFSA, 2005; Kim et al., 1999a). Normal contact times with chlorine 
dioxide range from 30 s to 30 min at a temperature range of 2 to 24 °C and at a pH range of 
6.0 to 10.0 (Goodburn and Wallace, 2013; Hirneisen et al., 2010). The major disadvantages of 
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ClO2 are the formation of inorganic by-products like ClO2
ˉ
 and ClO3
ˉ
 (Vandekinderen et al., 
2009a). 
1.1.3 Acidified sodium chlorite (ASC, NaClO2) 
ASC is a combination of a food-grade acid (such as citric, phosphoric, hydrochloric acid) 
and an aqueous solution of sodium chlorite. Solutions of ACS consist mainly of the chlorite 
ion, hydrogen ion and chlorous acid (HClO2) (EFSA, 2005), as can be observed from 
following reactions. In higher concentrations, chlorate and chlorine dioxide can originate from 
chlorite.  
NaClO2  ClO2
ˉ
 + Na
+
           (1.2) 
ClO2
ˉ
 + H
+  HClO2           (1.3) 
ClO2
-
 + H2O   ClO3
ˉ
 + 2H
+
          (1.4) 
2ClO3
ˉ
 + 8H
+ ClO2 + Cl
ˉ
 + 4H2O         (1.5) 
The antimicrobial activity of ASC is attributed to the oxidative effect of HClO2, which is 
stronger than that of either chlorine or chlorine dioxide (EFSA, 2005). This activity depends 
on the contact time, the method of activation (such as type of acid) and the method of 
application (Madduri, 2007). 
In the EU, application of ASC for food decontamination is not yet approved. In the US, 
this agent can be used for dipping or spraying in the range of 500 to 1200 mg/L for 5 – 8 s 
(dipping) or 15 s (spraying) on raw fruits and vegetables, fish and fish products, egg and egg 
products and poultry carcasses (EFSA, 2005; Madduri, 2007; Ramos et al., 2013). Under 
those conditions, the ClO2 level in the solution is below 3 mg/L and then its residues do not 
remain in treated food. ASC may interact with either organic matter in solution or protein and 
fat compounds in the food products, however, no chlorinated organics could be found at a 
detection limit of 0.05 mg/kg in poultry carcasses (EFSA, 2005). Consequently, the health 
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concern about ASC treated foods is mainly related to the toxicity of the chlorite and chlorate 
ions. 
1.1.4  Ozone (O3) 
Ozone is one of the most strong, broad-spectrum oxidizing agents and its application has 
been approved in the US as an antimicrobial agent for the treatment, storage and processing of 
food, including raw and minimally processed fruits and vegetables, cleaning of whole 
shellfish and disinfection of poultry carcasses and chill water in the poultry industry (Beuchat, 
1998; Mukhopadhyay and Ramaswamy, 2012). The oxidative property of ozone is about 50% 
stronger than chlorine, and thus is characterized by a broad spectrum of antibacterial 
activities. In the EU, ozone has been used over the past 100 years to treat drinking water and 
as a sanitation agent. However, to date there has been no approval for the use of ozone as a 
surface sanitizer for food processing equipment and environment or for foods (Brodowska et 
al., 2017). 
Bromate is the only ozone DBP regulated in drinking water by the US and EU, which 
established a maximum contaminant level of 10 µg/L (Olmez and Kretzschmar, 2009). 
Bromate results from the oxidation of bromide to hypobromous acid. Hypobromous acid 
reacts also with organic matter to form bromo-organic DBPs. However, the concentrations of 
these bromo-organic compounds are usually far below current drinking water standards 
(Banach et al., 2015). 
The stability of ozone in solution decreases at increasing pH with the greatest at pH 5.0. 
Ozone becomes less stable at high temperature so the optimum conditions for ozone 
application are a contact time of 30 s and water temperature of 25 °C (Goodburn and Wallace, 
2013). The presence of minerals and organic matter may also reduce ozone’s solubility.  
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The advantage of leaving no hazardous residues on food or food-contact surfaces 
increases the potential applications of ozone. Nevertheless, the direct ozone treatment of 
foods like meat should be avoided because some unwanted sensorial changes were reported 
(Demirci and Ngadi, 2012; Khadre et al., 2001). Ozone must be generated on site due to its 
instability. Furthermore, ozone produces toxic vapors which represent a risk for the 
employees and it can also cause corrosion of metals and other materials in processing 
equipment (Artes et al., 2009; FDA, 2009; Joshi et al., 2013; Olmez and Kretzschmar, 2009). 
1.1.5 Hydrogen peroxide (H2O2) 
Hydrogen peroxide is a powerful disinfectant because of its strong oxidizing power and 
its capacity to generate other cytotoxic oxidizing species such as hydroxyl radicals (Srey et 
al., 2013). Typically, H2O2 is used in the range of 80 mg/L up to 400–12500 mg/L as 
antimicrobial or bleaching agent (Ramos et al., 2013). Hydrogen peroxide use is permitted for 
some food processing, such as in the production of animal gelatin (in EU, by Regulation EC 
No 123/2008), or in milk, starch, wine, poultry carcasses (in the US, by the FDA), but it is not 
approved as an antimicrobial wash for fresh produce (Artes et al., 2009; Olmez and 
Kretzschmar, 2009; Sapers, 2001).  
Hydrogen peroxide is claimed not to cause harmful residues as it is rapidly decomposed 
into water and oxygen (Sapers, 2001). According to Bolder (1997), even at a high 
concentrations, no serious negative effect on product quality was announced, except some 
possible changes on product color (browning or bleaching). However, at high concentrations 
H2O2 is toxic to living cells and it corrodes iron-containing surfaces (Abbas et al., 2010; 
Sapers, 2001). The efficiency of H2O2 depends on pH, temperature, concentration and 
reaction time. 
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1.1.6 Peroxyacetic acid (PAA, CH3COOOH) 
PAA acid is a result of the following reaction between acetic acid and hydrogen peroxide.  
CH3COOH + H2O2  CH3COOOH + H2O                            (1.6) 
This strong oxidant is allowed up to 80 mg/L for washing fruits and vegetables in the US 
(Ramos et al., 2013). In the EU, the use of PAA is currently under review, but is not 
approved (Banach et al., 2015). PAA decomposes into acetic acid, oxygen and water so 
there are no toxicity concerns with regard to chlorinated residues from PAA use in the food 
industry (EFSA, 2014a). However, it is able to oxidize bromide to hypobromous acid, which 
can theoretically lead to brominated organics (Van Haute, 2014), 
PAA has strong oxidizing properties; its oxidation reduction potential (1.81 V) is larger 
than that of chlorine, ClO2 and H2O2. The microbial inactivation rate occurred faster with free 
chlorine than with PAA and lactic acid (Van Haute, 2014). PAA requires low doses and long 
contact times for disinfection of process water recycling. However, for wash water 
disinfection, the disinfectant dose is higher in the case of PAA than of free chlorine (Van 
Haute et al., 2015a).  The efficacy of PAA is affected by pH and temperature, while the PAA 
stability is enhanced in the presence of organic matter in the process water (Van Haute et al., 
2015b). The major drawbacks for the use of PAA are its high cost (about four to five times 
the cost of NaOCl) and the increase of organic content and chemical oxygen demand in the 
process water (Kitis, 2004). 
1.1.7 Electrolysed water (EW) 
EW is generated by electrolysis of aqueous sodium chloride (0.5–1.0% NaCl) in an 
electrolytic cell, in which the anode and cathode are separated by a membrane. This approach 
allows to produce two types of water: acidic electrolyzed water (AEW) with low pH (2.3-2.7) 
and a high oxidation-reduction potential (ORP, >1000 mV) from the anode side; and basic 
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(neutral) electrolyzed water (NEW) with high pH (6.8-8.5), low ORP (800 to 900 mV) from 
the cathode side (Huang et al., 2008; Mukhopadhyay and Ramaswamy, 2012). 
The strong bactericidal effect of AEW is attributed to its low pH, high oxidation–
reduction potential and the presence of active oxidizers (like HOCl) or short-living radicals. 
Meanwhile the main biocidal reagents of NEW are HOCl, ClOˉ and •O2 (Abadias et al., 2008). 
In comparison with AEW, NEW is more stable, less irritant for workers and less corrosive for 
equipment (Joshi et al., 2013).  
EW application in the food industry has been approved by the US EPA. In the EU, EW 
can only be applied to “drinking water” and its use on food products such as meat and fish is 
not permitted (Rahman et al., 2016). With low available chlorine, EW produces lower 
amounts of halogenated organics, chlorite, chlorate and perchlorate compared to classic 
chlorination (Van Haute, 2014). Consequently, EW’s environmental and human health impact 
is restricted (Koide et al., 2011). . Others benefits of EW rely on its relative cheap price and 
easy handling. The disadvantages of EW include chlorine gas emission, metal corrosion and 
synthetic resin degradation, due to its strong acidity and free chlorine content (Huang et al., 
2008). 
1.1.8 Trisodium phosphate (TSP, Na3PO4) 
In the US, TSP treatment is applied on poultry and beef carcasses, fruits and vegetables to 
reduce populations of different pathogenic and spoilage bacterial groups. This reduction is 
influenced by TSP concentration, application pressure and exposure time (Demirci and Ngadi, 
2012).  
TSP is a permitted food additive in the US and it is classified as GRAS (Generally 
Recognized As Safe) for use in food processing (Koolman et al., 2014; McDowell et al., 
2007). The EU does not authorize the use of TSP for food decontamination (Buncic and 
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Sofos, 2012). The main disadvantage of TSP is related to its disposal, which can lead to 
nutrient overload and eutrophication of ponds and lakes. Thus, concern about environmental 
discharge may limit its commercial application on fruit and vegetable products (Parish et al., 
2003; Ramos et al., 2013). 
1.1.9 Organic acids 
Organic acids, such as lactic, citric, acetic or tartaric acid, are antimicrobial agents. They 
are approved to use as a surface decontaminant for meat, poultry, fruit and vegetable in the 
US. In the EU, the use of lactic acid for decontamination of bovine carcasses was 
authorized from February 2013, based on an EFSA opinion in 2011 (EFSA, 2011). 
Organic acids’ effectiveness is attributed by the pH reduction in the environment, disruption 
of membrane transport and anion accumulation or a reduction in internal cellular pH (FDA, 
2009; Rico et al., 2007). The initial microbial load, the type of acid, concentration, pH and 
temperature of the acid solution, together with the type, pH of the food product are essential 
factors in determining the antimicrobial activity of organic acids (Olmez and Kretzschmar, 
2009; Rajkovic et al., 2010).  
Organic acids are relatively inexpensive, easy to use and have a GRAS status. However, a 
long contact time (5-15 min) is needed for a significant reduction in microbial population, 
which is not relevant to the food industry (Olmez and Kretzschmar, 2009; Ramos et al., 
2013). Moreover, discoloration and odor changes due to the treatment with organic acids, 
especially at high concentrations or low pH, may occur (Demirci and Ngadi, 2012; Olmez and 
Kretzschmar, 2009). 
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1.2 Use of chlorine in food processing 
As mentioned before, chlorine is widely used in the production and processing of poultry 
meat, red meat, fruit and vegetables, fish and seafood to control microbial growth, cross-
contamination or contamination (Table 1-1). However, the EU does not allow the addition of 
chlorine to process water during poultry, meat and fish processing. In some European 
countries such as Germany, Switzerland, the Netherlands, Denmark and Belgium chlorine can 
be applied only in low concentrations to disinfect the wash water but not the vegetables in the 
wash water (Artes et al., 2009; Rico et al., 2007). Such treatments are then considered as 
disinfection instead of decontamination, as mentioned before. 
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Table 1-1. Summary information for chlorine interventions in food processing 
(FAO/WHO, 2008a). 
Process application 
Use level  
(mg OClˉ/L) 
Exposure time 
Poultry processing   
Pre-chill carcass spray  <50 or 3–5  5 s 
Carcass rinse  200  60 s 
Reprocessing eviscerated carcasses – pre-chill 20–50  NA 
Chiller water  <50  45–60 min 
Immersion chill 3–5  10–120 min 
Recycling water 5  NA 
Red meat processing   
Carcass spray 50  3–5 s 
Primal cut spray  20–50  3–5 s 
Pre-hideremoval spray 50 3–5 s 
Fish and fishery product processing   
Post-harvest rinse of whole or headed and gutted 
finfish 
10  NA 
Washing of slaughtered fish pre-processing 
(salmon)  
200 Up to 8 h if 
transport Immersion of headless shell on shrimp 50 NA 
Treatment of water for depuration of shellfish * 5 NA 
Vegetable processing   
Whole product spray, at harvest, pre-cooling 50–200  2–10 s 
Whole product dip or spray, post-harvest 25  2 min 
Flume water for transport of leafy greens  10–50  30 s – 5 min 
Flume water for whole fruits and vegetables prior 
to final wash 
3  15 min 
Pre-package spray or dip 200 5–10 s 
NA, data not available 
* Depuration: A short-term process commonly used to reduce low levels of bacterial 
contamination in filter-feeding shellfish. Long-term relaying is required if there is the risk of 
high levels of contamination. 
 
A more detailed overview of the application fields of chlorine will be discussed in the 
forthcoming sections. 
 Chapter 1: Literature Review and Objective 
 
15 
 
1.2.1 Poultry processing 
Salmonella and Campylobacter species are the main pathogenic bacteria associated with 
human illness resulting from the consumption of poultry and poultry products. With the 
purpose to control bacterial contamination during processing, chlorine may be added to 
poultry carcass washers, equipment wash water, immersion chiller water and pre-chiller 
water. Especially, chlorine is applied to control fecal contamination prior to the chill tank in 
case of poultry processing. In some countries chlorine is used at levels up to 50 mg/L to treat 
poultry processing water and carcass immersion water. However in the EU, water used in 
poultry processing must be potable with a maximum chlorine concentration of 5 mg/L 
(Buncic and Sofos, 2012). 
The antimicrobial effect of electrolyzed water and chlorine for inactivating 
Campylobacter jejuni during poultry washing was compared by Park et al. (2002). Both a 
pure culture of Campylobacter jejuni and inoculated chicken wings (respectively 7.5 log 
CFU/mL and 5.0 log CFU/g) were studied. In pure culture, the treatments by EW or 
chlorinated water containing 50 mg/L residual chlorine completely inactivated the C. jejuni 
after 10 s treatment. At a lower residual chlorine concentration of 25 mg/L in pure culture, the 
C. jejuni count was reduced by 6.0 log units by EW and 5.0 log units by chlorinated water. On 
chicken wings, the antimicrobial effect of EW and chlorinated water (containing 50 mg/L 
residual chlorine) was similar by log reduction, with respect to the survival of C. jejuni. No 
viable cells of C. jejuni were recovered in wash solutions which were treated by either EW or 
chlorine, whereas high populations of these bacteria (4 log CFU/mL) were recovered in the 
wash solution after the control treatment. This result proved that EW and chlorine could 
prevent cross-contamination during the washing process. 
The potential bactericidal effects of a combined chlorine, lactic acid, trisodium phosphate 
and a commercial phosphate blend with pressure on fecal contaminated turkey carcasses were 
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evaluated by Bautista et al. (1997). Less than 1 log reduction of Salmonella spp. was observed 
even at the highest chlorine concentration evaluated (50 mg/L). The chlorine concentration 
and pressure combinations were not effective against Salmonella  spp. It was concluded that 
lactic acid was more effective than chlorine, trisodium phosphate and the commercial 
phosphate blend for reducing microbial contamination on poultry meat. 
Calcium hypochlorite at different concentration (45, 60, 70 and 100 mg/L) was used to 
investigate its effectiveness for the reduction of Listeria monocytogenes surface-inoculated in 
chicken breast meat (Goncalves et al., 2005). In the presence of 100 mg/L of OClˉ, the 
viability of cells of L. monocytogenes decreased by 4.41 log units, compared with a less than 
1.0 log unit decrease observed when cells were treated with 45 mg/L of OClˉ. 
1.2.2 Red meat processing 
The red meat processing industry can be divided into primary processing (slaughtering 
and trimming) and secondary or further processing (cutting, grinding, curing, cooking, slicing 
etc.). For primary processing, significant reductions (by 1.5 – 2.3 log units) in microbial 
counts on carcasses were observed by using chlorinated water at 200–500 mg/L. Meanwhile 
chlorine compounds are uncommon to be directly applied on red meat products during further 
processing (FAO/WHO, 2008a). The Food Safety and Inspection Service (USDA/FSIS, 2013) 
has approved the use of calcium hypochlorite, sodium hypochlorite or chlorine gas at 
concentrations from 20 - 50 mg OClˉ/L applied for beef primals and as a spray solution for a 
quarter of a carcass. However, for water used in meat processing, the free chlorine level 
cannot exceed 5 mg/L. 
Skins, hooves and tissue contain large amounts of bacteria so skinning, scalding, 
evisceration, dressing and carcass transport are common contamination points during red meat 
processing (Heinz and Hautzinger, 2007). Escherichia coli and Salmonella are the main 
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microorganisms of concern with respect to primary processing, Listeria monocytogenes is the 
pathogen of greatest concern with respect to ready-to-eat cooked meat and meat products. 
Cutter and Siragusa (1995) investigated that spray treatments with chlorine to red meat 
could reduce but not completely inactivate populations of E. coli. For strain E. coli O157:H7 
ATCC 43895 attached to beef carcass tissue, spray treatments with 50, 100, 250 and 500 
mg/L chlorine resulted in reductions of < 1 log unit while at higher chlorine concentrations 
such as 800 mg/L, populations of E. coli were reduced by 1.04 log unit. These results agree 
with the findings of other studies, in which the effectiveness of decontamination systems for 
controlling the presence of pathogens and spoilage organisms on animal carcasses ,as 
reviewed by Siragusa (1995). Similarly the effect of steam condensation, hot water or 
chlorinated hot water immersion on bacterial numbers and quality of lamb carcasses was 
determined by James et al (2000). Immersion in water at 90 °C containing 250 mg OClˉ/L 
resulted in statistically lower (P ≤ 0.05) aerobic plate counts by 1.6 log reduction on the 
carcasses in comparison with the steam and hot water treatments. In addition, no significant 
differences (P > 0.05) were observed in the subjective evaluation of lean appearance, color 
appearance, odor and overall acceptability between treated and control lamb carcasses after 48 
h chilling and storage.  
1.2.3 Fish and fishery product processing 
On fresh fish, spoilage bacteria are predominant, but some pathogenic bacteria could be 
present in the skin, gills or guts. Clostridium botulinum, Listeria monocytogenes, Aeromonas 
hydrophila and Vibrio spp. are indigenous pathogenic bacteria commonly found in the aquatic 
environment. The common contaminants of seafood, namely Salmonella, Escherichia coli 
and Staphylococcus aureus belong to non-indigenous pathogenic bacteria (Davies et al., 2001; 
Zarei et al., 2012). Besides containing a diverse natural microflora at levels of 2 to 7 log 
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CFU/cm
2
, fish tissue is an ideal medium for growth of bacteria as a result of the presence of 
large amounts of non-protein nitrogen in the fish tissue and the near-neutral pH (> 6.0) (Gram 
and Huss, 1996). 
The current Codex recommendations allow up to 10 mg/L chlorine in water that comes in 
contact with fish and up to 100 mg/L in water for cleaning purpose (FAO/WHO, 2008a). 
Based on these recommendations, the type of chlorine compounds used is not specified, thus 
it could be chlorine gas, calcium/sodium hypochlorite, chlorine dioxide. The most commonly 
used forms of chlorine in the fish processing industry are calcium hypochlorite (powdered 
form) and sodium hypochlorite (liquid form). Fish and fishery products can be exposed to 
chlorine by washing in batches, washing by immersion in belts or by spraying (FAO/WHO, 
2000). 
The effects of chlorine at concentrations of 5 or 10 mg/L (at 5 and 10 °C for 3 min) on 
the physical, sensory and microbiological qualities of heat shocked green mussels was 
investigated (Azanza et al., 2003). Chlorine treatment led to no apparent change in the sensory 
characteristics of the mussel meat. The combination of heat shocking and tumble washing 
with chlorine solution (10 mg/L, 5 °C, 3 min) reduced the microbiological concentration in 
terms of total plate count (2 log), coliforms (1.4 log) and Vibrio spp. counts (3.5 log). 
Andrews et al. (2002) studied the biocidal effect of hypochlorite on other seafoods such as 
shrimp and crawfish tail meat. The results showed that hypochlorite levels from 20 – 40 mg/L 
reduced aerobic and psychotropic bacterial numbers in shrimp by 1 – 2 log. In crawfish, 
aerobic and psychotropic counts were reduced gradually with increasing hypochlorite 
concentrations and obtained about 1 log reduction at 40 mg/L chlorine. Moreover the 
combination with a high-pressure prewash (600 psi) increased the effectiveness by at least 0.5 
log.  
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1.2.4 Fruit and vegetable processing 
According to FAO/WHO (2008b), leafy green vegetables accorded as the highest 
commodity group of concern from a microbiological safety perspective. Berries, green 
onions, melons, sprouted seeds and tomatoes were identified as being the second highest 
concern. The lowest priority of the identified commodities of concern is the largest group and 
includes carrots, cucumbers, almonds, baby corn, sesame seeds, onions and garlic, mango, 
paw paw, celery and maimai. The potential hazards include pathogenic bacteria (Salmonella, 
Enterohaemorrhagic Escherichia coli, Campylobacter, Listeria, Shigella, Yersinia), parasites 
(Cryptosporidium, Cyclospora, helminths) and viruses (hepatitis A, noroviruses). 
Chlorinated water is used to prevent cross-contamination and reduce microbial growth on 
equipment surfaces for fresh fruits and vegetables processing. Typically, the levels of 
HOCl/OClˉ in the washing tanks range from 50 to 200 mg/L (Cardador and Gallego, 2012). 
Among the three forms of chlorine used for fresh fruits and vegetables, chlorine gas is 
generally restricted to use in very large operations; sodium hypochlorite is commonly used in 
small-scale operations, thus calcium hypochlorite is actually the most common source of 
chlorine used (Suslow, 2000). 
The microbial and sensory quality and the nutrient content of fresh-cut white cabbage 
after washing with sodium hypochlorite (20 and 200 mg/L) was studied by Vandekinderen et 
al. (2009c). Whereas the treatment with 20 mg/L of chlorine did not significantly reduce the 
initial microbial load in comparison with the achieved inactivation after potable water rinsing, 
washing fresh-cut cabbage with 200 mg/L sodium hypochlorite resulted in a microbial 
inactivation of 1.5 log CFU/g. However, this high chlorine concentration caused a significant 
difference in sensory quality and a significant decrease of the vitamin C content when 
compared with the water washed cabbage. Alegria et al. (2009) found reductions of 1 log 
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CFU/g relatively to both total mesophilic aerobic count and yeast and mold populations on 
shredded carrot using a 200 mg/L sodium hypochlorite solution (1 min, 5 °C).  
Garcia et al. (2003) determined the sanitizing efficacy of ozone in combination with 
chlorine on fresh-cut iceberg lettuce. Chlorine, ozone and chlorine-ozone reduced the 
microbial load on the lettuce by 1.4, 1.1 and 2.5 log CFU/g and their corresponding shelf- life 
were 16, 20, or 25 days, respectively. The highest observed reduction was achieved by 
combining 7.5mg/L ozone and 150 mg/L chlorine.  
1.3 Factors affecting the efficiency of chlorine 
The germicidal efficacy of chlorine is affected by the pH, chlorine concentration, contact 
time, water temperature and interfering organic substances. In addition to the influence of 
these factors, the type of product and diversity of microorganisms can also affect the efficacy 
of chlorine. 
Chlorine, whether in the form of chlorine gas or as sodium hypochlorite or calcium 
hypochlorite, dissolves in water to form hypochlorous acid and hypochlorite ion as outlined in 
the following reactions: 
Cl2 + H2O  HCl + HOCl          (1.7) 
HOCl   H+ + OClˉ           (1.8) 
(acid dissociation constant, pKHOCl, 25 °C = 7.54); (Deborde and von Gunten, 2008) 
Therefore, the relative concentrations of HOCl and OClˉ are pH-dependent (Figure 1-1). 
The predominant species is HOCl between pH 3.0 and 6.0. At pH 7.5, the ratio of 
hypochlorite and hypochlorous acid is 1:1 in a chlorine solution; whereas at pH 10, it is 
approximately 100% hypochlorite. At pH values less than 3.5, the solution exists as a mixture 
of chlorine gas and HOCl in solution. Chlorine gas is quite toxic, so the use of chlorine at 
such low pH should be avoid. 
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Figure 1-1. The effect of pH value on the composition of an aqueous chlorine solution 
(Kettle et al., 2014). 
 
Among three forms of chlorine, HOCl has the highest bactericidal activity against a broad 
range of microorganisms (FDA, 2009). A model for the bactericidal activity of HOCl and 
OClˉ is illustrated in Figure 1-2.  
 
Figure 1-2. The mechanisms of the germicidal actions of HOCl and OClˉ based on 
their ability to penetrate the membrane into the microbial cell (Fukuzaki, 2006). The 
explanation of circles A, A’, B and C is given in the text. 
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According to Fukuzaki (2006), the presence of the lipid bilayer of the plasma membrane, 
by its hydrophobic property, prevents OClˉ to penetrate the microbial cell membrane. 
Consequently, OClˉ performs its oxidizing action only from outside the cell (circle A). On the 
contrary, HOCl, due to its electrical neutrality, can penetrate the lipid bilayer of the plasma 
membrane. HOCl can accelerate the inactivation rate and enhance the germicidal activity by 
attacking the microbial cell both from the outside (circle A') and inside the cell (circles B and 
C). 
Fukuzaki et al. (2007) investigated the efficacy of a NaOCl  against Pseudomonas 
fluorescens as a function of pH. It was found that a NaOCl solution of 2.5 mg/L showed a 
higher bactericidal activity toward P. fluorescens at pH 5.7 than at pH 7.6 and 9.3. For 
Escherichia coli, hypochlorite was more active at pH 6.0 and 7.0 than at pH 5.0 while for 
Staphylococcus aureus the effectiveness of hypochlorite was the most pronounced at pH 8.0 
and 9.0 (Granum and Magnussen, 1987). It was reported that the pH impact (in the range from 
5.0 to 9.0) on the germicidal potency of hypochlorite is more restricted.  
The effect of different hypochlorite concentrations (20 and 200 mg/L) on reducing 
populations of food-borne microorganisms on fresh-cut white cabbage, leek, grated carrot was 
investigated (Keskinen et al., 2009; Vandekinderen et al., 2009b; Vandekinderen et al., 2009c; 
Vandekinderen et al., 2008). Treatments with 20 mg/L sodium hypochlorite reduced the 
microbial load only by 0.17 log CFU/g (cabbage), 0.84 log CFU/g (leek), 0.40 log CFU/g 
(carrot), which was not significantly different from the inactivation observed after water 
rinsing. However, a washing step with 200 mg/L sodium hypochlorite resulted in an average 
microbial inactivation of 1.45 log CFU/g (cabbage), 1.00 log CFU/g (leek), 1.61 log CFU/g 
(carrot). According to Vandekinderen et al. (2009b), the low inactivation effect of 
hypochlorite in fresh-cut leek could be attributed to the high initial microbial load and the 
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presence of organic matter such as soil particles, the presence of a wax layer in leek surfaces, 
etc.   
The inactivation of bacteria from broiler carcasses after spray washing with HOCl 
solution (50 mg/L, pH 8.0) for 5, 10, or 15 s was evaluated by Northcutt  et al. (2007). 
Populations of bacteria recovered from carcasses washed with HOCl had greater reductions as 
the washing time was increased from 5 to 10 s than were observed when time was increased 
from 10 to 15 s. Particularly, levels of total aerobic bacteria, E. coli, Campylobacter, and 
Salmonella were reduced by 0.3, 0.5, 1.0, and 0.8 log CFU/mL, respectively, as the length of 
washing time was increased from 5 to 15 s. Vaid et al. (2010) compared the effect of 
hypochlorite treatments on the inactivation of Listeria monocytogenes containing biofilms. 
Treatment with sodium hypochlorite (50 mg/L, pH 9.0) for 1, 5 and 10 min resulted in log 
reductions of 0.78 ± 0.27, 1.6 ± 0.39 and 3.09 ± 0.49 log CFU/cm
2
 respectively.  
The effectiveness of hypochlorite at different temperatures on the inactivation of 
Escherichia coli inoculated on broccoli was investigated by Behrsing et al. (2000). However, 
when broccoli florets were treated with 100 mg/L chlorine for 2 min at 4, 8, 15, 20 and 25 °C, 
no significant differences were observed in the level of cell inactivation. Similar findings 
were reported by Northcutt et al. (2005) when they investigated the microbiological impact of 
spray washing broiler carcasses with chlorinated water at different temperatures (21.1, 43.3, 
or 54.4 °C). The water temperature had no effect on the counts of total aerobic bacteria, 
Escherichia coli, Salmonella or Campylobacter recovered from the carcasses. Although, these 
results differed from other experiments (Lukasik et al., 2003) where the reduction of viral and 
bacterial pathogens (E. coli O157:H7, Salmonella montevideo, phage and poliovirus) from 
inoculated strawberries was evaluated. It was observed that for all pathogens, warm tap water 
(43 °C) was almost twice as effective as room temperature tap water (22 °C). 
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For fresh-cut produce, a major factor which is important in limiting the efficacy of 
chlorine treatments is the attachment of bacterial cells to inaccessible sites on the surface of 
the produce and the incorporation of those cells within biofilms in such inaccessible sites. As 
a consequence, the bacterial cells located in infiltrating stomata, trichomes, cut edges and 
damaged tissue are less accessible to sanitizers (Keskinen et al., 2009). In fact, scanning laser 
microscopy studies have shown that damaged and cut lettuce surfaces provide substrates to 
allow for subsequent E. coli O157:H7 proliferation in these areas (Figure 1-3).  
 
Figure 1-3. Scanning Electron Microscopy micrograph of Escherichia coli O157:H7 
on Romaine lettuce inoculated with the pathogen, stored at 4±2 °C for 24 h and 
subsequently treated under the following conditions: A) no wash treatment, B) E. coli 
O157:H7 in biofilms after 2 min wash with 20 mg/L chlorine, C) small cluster of E. coli 
O157:H7 on lettuce surface after 2 min wash with 200 mg/L chlorine, D) E. coli 
O157:H7 in damaged lettuce tissue after 2 min wash with 200 mg/L chlorine (Keskinen 
et al., 2009). 
As chlorine reacts readily with organic matter, increasing levels of organic matter 
decreases its concentration and antimicrobial activity as well (FDA, 2009). The influence of 
the organic loads in the washing solution of lettuce on chlorine efficacy was determined by 
Nou and Luo (2010). It was demonstrated that a whole-leaf wash prior to lettuce cutting can 
improve microbial reduction by 0.7 to 2 logs and also reduce the potential of cross-
contamination by bacterial pathogens during the cutting and other processing steps. Due to the 
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reactions of chlorine with organic matter present in the water and in the treated products, a 
number of by-product can be formed. These so called disinfection by-product (DBPs) are 
considered relevant from a food safety perspective and thus will be discussed more in detail in 
the following paragraph. 
1.4 Disinfection by-products (DBPs) formation 
1.4.1 Introduction 
Chemical disinfectants provide effective inactivation of microorganisms, in another hand, 
there is concern about the environmental and health risks associated with the by-product 
formation from disinfectants and organic matter present in the water or in vegetable/animal 
tissue and washing water during processing. Although information about DBPs formation in 
water is available (Abarnou and Miossec, 1992; Bougeard et al., 2010; Gopal et al., 2007; 
Tian et al., 2013), only few studies have evaluated the their formation in process water and in 
food matrices (Gómez-López et al., 2014; Lopez-Galvez et al., 2010). In the US, disinfectants 
are registered as pesticides with the EPA, while in the EU, the use of disinfectants is not 
uniformly allowed (Banach et al., 2015; Van Haute et al., 2015b). 
Chlorine and its alternative chemical disinfectants, such as chlorine dioxide, ozone, 
acidified sodium chlorite, peroxyacetic acid are increasingly being used; however, each has 
been shown to form its own set of DBPs. 
The DBPs can be classified as organic or inorganic, halogenated (chlorinated or 
brominated) or non-halogenated and volatile or non-volatile (Gougoutsa et al., 2016).  
The DBPs formation is influenced by the disinfectant dose, pH, temperature of the water, 
contact time, inorganic matter such as bromide and organic matter (Gopal et al., 2007).  
In treated water, HOCl and OClˉ oxidize bromide ion to hypobromous acid/hypobromite 
ion (HOBr/OBrˉ).  
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HOCl + Brˉ → HOBr + Clˉ          (1.9) 
HOBr → H+ + OBrˉ                         (1.10) 
In turn, HOCl and HOBr react collectively with organic matter to form chlorinated and 
brominated halomethanes. Ozone and PAA can directly or indirectly react with bromide to 
form brominated DBPs, including bromate. The same to ASC, the major chlorine dioxide 
DBPs are chlorite and chlorate. 
Consequently, among the DBPs, trihalomethanes, haloacetic acids, bromate, chlorite and 
chlorate are considered as the most relevant DBPs in view of the present knowledge of 
occurrence and health effects (Bougeard et al., 2010; Ferraris et al., 2005; Gopal et al., 2007). 
As reported by Tian et al. (2013), a three phase reaction model was proposed to explain 
the complex set of conversions taking place between natural organic matter (e.g. humic acid) 
and 25 mg/L chlorine as Cl2 . In stage-I (<0.5 min in that study), the fast reacting sites – with 
plentiful of carbon-carbon or carbon-oxygen double bonds and aromatic structures -
underwent reactions of bond cleavage, oxidation, substitution. This results in the formation of 
both measured DBPs (e.g. trihalomethanes, haloacetic acids, halogen acetonitriles, chloral 
hydrate, 1,1,1-trichloro-2-propanone) and other unidentified organic halogen intermediates. In 
stage-II (0.5 – 30 min), the major reaction was the oxidation and/or halogenation of slow 
reacting sites into a complex mixture of unidentified organohalogen intermediates. In stage-III 
(30 min – 72 h), the original organics and intermediates formed in stage-I or stage-II were 
further oxidized and/or halogenated by chlorine into measured DBPs. 
Some studies (Krasner et al., 2006; Plewa et al., 2008) suggested that certain nitrogenous 
DBPs (halonitromethanes, haloacetonitriles, 4-hydroxy-benzyl-cyanide, haloacetamides) 
exhibited much higher genotoxicity and cytotoxicity than regulated carbonaceous DBPs 
(trihalomethanes, haloacetic acids). Chu et al. (2012) indicated that amino acids - an 
important component of the dissolved organic nitrogen in water – were precursors to certain 
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carbonaceous and nitrogenous DBPs. In particular, Hong et al. (2009) reported that the 
aromatic amino acids, especially tryptophan and tyrosine exhibited a higher trihalomethane 
formation potential than nonaromatic ones. Moreover, amino acids with activated ring 
structures such as tryptophan, tyrosine and histidine led to high haloacetic acid yields.  
Table 1-2 summarizes the DBPs identified as being formed from the use of chlorine, 
chlorine dioxide and ASC in food processing. Because of limited publications for bromate 
formation in food matrix, DBPs of ozone and PAA could not be listed. 
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Table 1-2. DBPs concentrations in food processing. 
 
Matrix Reagent Condition DBP Concentration Reference 
Poultry 
Uncooked Poultry OClˉ 50 mg/L immersion Chloroform  0.44 mg/L FAO/WHO (2008a) 
Poultry chiller water 
ClO2 20–50 mg/L 
Chlorite 
Chlorate 
33 mg/L  
14 mg/L 
FAO/WHO (2008a) 
Poultry carcass  
Chlorite 
Chlorate 
0.13 mg/kg 
0.06 mg/kg 
FAO/WHO (2008a) 
Chicken carcass (pre-chill) ASC 
5 s immersion; 1200 mg/L;  
pH = 2.5 
Chlorite 
Chlorate 
0.009 mg/kg 
0.011 mg/kg 
EFSA (2005) 
1 h immersion;  
150 mg/L; pH 2.8 
Chlorite 
Chlorate 
0.54 mg/kg 
< 0.02 mg/kg 
Madduri (2007) 
Chicken breasts (post- chilled)  
15 or 30 s immersion;  
1200 mg/L; pH 2.5 
Chlorite 
Chlorate 
< 0.2 mg/kg 
< 0.2 mg/kg 
Madduri (2007) 
Red meat 
Raw and cooked meat 
ASC 
5 s dip; 500, 850 and  
1200 mg/L  
Chlorite 
Chlorate 
0.03 μg/cm2 of meat surface FAO/WHO  (2008a) 
Steak (pre- chilled) 
5 s spray; 500, 850, 
or 1200 mg/L; pH 2.5 
Chlorite 
Chlorate 
< 0.1 mg/kg 
< 0.1 mg/kg 
Madduri (2007) 
Fish and fishery 
Pangasius fillets 
process wash water 
OClˉ 10 mg/L THMs 
0 
8.9 µg/L 
Tong Thi et al. (2016) 
Shrimp ClO2 
10 min treatment; 12.5 mg/L 
Chlorite 
Chlorate 
0 
0 
Kim et al. (1999b) 10 min treatment; 23.3 mg/L 
Chlorite 
Chlorate 
0 
1.71 mg/kg 
10 min treatment; 34.9 mg/L 
Chlorite 
Chlorate 
0 
1.97 mg/kg 
Salmon, snapper, 
catfish, scallops and shrimp 
ASC 
30 s immersion; 1200 mg/L; 
pH 2.3 
Chlorite 
Chlorate 
< 0.01 mg/kg 
< 0.1 mg/kg 
FAO/WHO  (2008a) 
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Fruit and vegetable 
Uncut pilled carrots 
OClˉ 
200 mg/L; 4 ᵒC 
200 mg/L; 50 ᵒC 
THMs 
0 
0.2 μg/L 
Klaiber et al  (2005) 
Baby spinach process wash water 2 – 4 mg/L THMs 194.0 µg/L Gómez-López et al. (2013) 
Spinach process wash water 
3 mg/L; increasing COD up to 
500 mg/L 
THMs 
1890 μg/L 
Gómez-López et al. (2014) 
5 mg/L; constant COD at  
500 mg/L 
1315 μg/L 
Lettuce process wash water 
Washed lettuce 
Washed and rinsed lettuce 
30 min; 100 mg/L adding  
700 mg/L COD  
THMs 
217 μg/L 
< 5 
< 5 
Lopez-Galvez et al. (2010) 
Fresh-cut lettuce  
process wash water 
100 mg/L THMs 
0 
124.5 µg/L 
Van Haute et al. (2013) 
Fresh-cut iceberg lettuce 
ClO2 
30 min treatment; 3.7 mg/L THMs < 5 μg/L Lopez-Galvez et al. (2010) 
Tomato 10 min; 0.5 mg/L,  
Chlorite 
Chlorate 
0.06 mg/kg 
0.05 mg/kg 
Trinetta et al. (2011) 
Apple  
ASC 
5 or 10 s treatment;  
1200 mg/L 
Chlorite 
Chlorate 
0.29 mg/kg 
< 0.07 mg/kg 
FAO/WHO (2008a) 
Lettuce  
Chlorite 
Chlorate 
8.8 mg/kg 
495 mg/kg 
Values of “less than” indicate the limit of detection. 
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In a food matrix, trichloromethane formation when washing uncut pilled carrots with cold 
and warm chlorinated water (200 mg/L, 50 °C and 4 °C) was analysed by Klaiber et al. 
(2005). Only trace amounts of trichloromethane were found in the washing water when 
carrots were washed in cold chlorinated water and up to 0.2 µg/L was detected in warm 
chlorinated water. After 1 day of storage, the trichloromethane concentration in carrots 
washed by warm chlorinated water amounted to 2.5 µg/kg carrot while negligible amounts 
were found in carrots treated with cold chlorinated washing water. Fortunately, after tap water 
rinsing step (120 s, 4 °C), only trace amount of trichloromethane were monitored in carrots 
washed by warm chlorinated water. 
The potential of chlorine (2 – 4 mg/L OClˉ) for trihalomethanes generation in baby 
spinach and in process wash water was determined (Gómez-López et al., 2013). The total 
trihalomethanes concentration of the process wash water was 194.0 µg/L, higher than the 
authorized limit fixed by the European legislation (100 µg/L) and US EPA (80 µg/L). Van 
Haute et al. (2013) measured trihalomethanes formation during reconditioning and wash 
water disinfection of fresh-cut lettuce. Only a minor amount of chloroform was present (< 14 
µg/L) in the water during reconditioning with 100 or 150 mg/L of chlorine. In the wash water 
disinfection experiment, although large amounts of trihalomethanes accumulated in the water 
(up to 124.5 ± 13.4 µg/L), no measurable amounts of trihalomethanes were detected on the 
fresh-cut lettuce. The formation of trihalomethanes was determined in the chlorinated wash 
water and Pangasius fillets (Tong Thi et al., 2016). In that study, during the washing of 12 
batches of Pangasius fillets, NaOCl was continuously added to maintain the level of OClˉ in 
the wash water at 10 mg/L. In the chlorinated wash water, 8.9 ± 1.3 µg/L of trihalomethanes 
was formed. No trihalomethanes were detected in Pangasius fillets in the last batches after 
rinsing even though the total chlorine in the wash water had accumulated  to 482.9 ± 17.0 
mg/L. 
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Typically, the initially concentrations of chlorine dioxide in poultry chiller water were 
20–50 mg/L, which rapidly decomposes to chlorite and chlorate in a ratio of 7:3. It is 
expected that residues of chlorine dioxide, ASC and their by-products (chlorite and chlorate) 
will be degraded during cooking. While poultry, red meat, fish and fishery are generally not 
rinsed following application of ASC, a water rinse follows ASC treatment in the cases of 
fruits and vegetables. In comparison to unwashed produce, detectable levels of ASC by-
products were considerable lower following rinsing (FAO/WHO, 2008a; Madduri, 2007). 
1.4.2  Toxicology and risk assessment of DBPs 
A tolerable daily intake (TDI) of 150 μg/kg body weight/day for free chlorine was 
established in the WHO Guidelines for drinking-water quality. According to FAO/WHO, “the 
TDI is an estimate of the amount of a substance in food or drinking-water, expressed on a 
body weight basis (mg/kg or μg/kg of body weight), that can be ingested daily over a lifetime 
without appreciable health risk”. However, there is no direct dietary exposure to chlorine and 
therefore it is not a risk to consumers (FAO/WHO, 2008a). 
Knowledge on the health effects of DBPs is quite incomplete. Concerns have been 
expressed with reference to their carcinogenic and reproductive toxicity potentials 
(FAO/WHO, 2008a; McDonnell and Russell, 1999; McDowell et al., 2007). A WHO 
Working Group for the Guidelines for drinking water quality considered chlorine and chlorine 
by-products and determined their corresponding TDI’s (Table 1-3).  
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Table 1-3. Disinfectant by-products and their TDI (COT, 2006; WHO, 2000). 
Compounds TDI, µg/kg body weight /day 
Significant organohalogen products 
Trihalomethanes 10 (chloroform), 30 (dibromochloromethane), 25 (bromoform) 
Haloacetic acids 40 (dichloroacetic acid/dichloroacetate), 40 (trichloroacetic 
acid/trichloroacetate), 20 (dibromoacetic acid/dibromoacetate) 
Haloacetonitriles 15 (dichloroacetonitrile) 
Chloralhydrate 16 
Chloropicrin NA 
Chlorophenols NA 
N-chloramines NA 
Halofuranones NA 
Bromohydrins NA 
Significant inorganic products 
Chlorate 30 
Chlorite 36 
Significant non-halogenated products 
Aldehydes NA 
Cyanoalkanoic acids NA 
Alkanoic acids NA 
Benzene NA 
Carboxylic acids NA 
NA, data not available 
 
From the above-described reaction, it is obvious that a cocktail of different compounds is 
produced. Thus in literature also some studies examining the toxicity of disinfectants treated 
commodities can be found.  
Fukayama et al. (1986) concluded that chlorination of flour at the commercially used 
levels (chlorine gas at 3480 – 7250 mg/m³) did not cause a significant human health risk. 
Extracts of water chlorinated at 20 mg/L and extracts of the treated fish samples showed no 
mutagenic activity (FAO/WHO, 2000). In another research, cubes of Atlantic salmon (Salmo 
salar) and red grouper (Epinephelus morio) were treated with 20 or 200 mg/L aqueous 
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chlorine for 5 min and then checked for mutagenicity (Kim et al., 1999b). Only the sample 
treated with high levels of chlorine showed weak mutagenic activity towards S. typhimurium 
TA 100. Similarly, there are some studies on chlorination by-products present in poultry and 
poultry chiller water. Tsai et al. (1997) treated samples of recirculated poultry chilled water at 
400 mg/L (pH 7.5, 4 hours, 21 °C) and found extracts to be mutagenic on the S. typhimurium 
strain TA 100 without S-9 mix (Ames test). However, the authors mentioned it cannot be 
assumed that chlorine use at lower concentrations will have the same result. Effect of chlorine 
dosage (20 to 400 mg/L) and pH (2.0 to 9.0) on total mutagenic activity in recirculated chilled 
wash water from a poultry processing stored for 17 - 19 hours at 4 °C was studied by Schade 
et al. (1990). The Ames test on the S. typhimurium strain TA 100 without S-9 mix showed 
that mutagens formed in samples with as little as 100 mg/L chlorine and the mutagenicity of 
the alkaline extracts were greater than that of the acid extracts. 
Studies on food commodities also focus on specific toxicologically relevant compounds. 
Thus, the level of chloroform exposure from shrimp (headed, shell-on), which was treated 
with chlorine levels of 150 mg/L HOCl for 30 min, was considered to be extremely low 
(Ghanbari et al., 1982). FAO/WHO  (2008a) supposed that consuming cooked shrimps which 
were exposed to chlorine levels of 10 mg/L as recommended by Codex has no potential 
human health effects from the presence of chloroform. The residues of volatile halocarbons in 
meat, fish and poultry after cooking were determined by Entz et al. (1982). It was reported 
that cooking removed most of the volatile halocarbons including chloroform. Those results 
were in accordance with the findings of the Committee on Toxicity (COT, 2006) investigating 
the occurrence and formation of chlorine-based disinfection by-products in 12 samples of 
fresh-cut salads. Almost all the levels of detected DBPs were within the WHO Guidelines for 
Drinking Water Quality. COT concluded that there was no concern with respect to the 
presence of chlorination by-products in fresh-cut salads.  
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On basis of these and similar studies, the risk of the use of chlorine is considered to be 
small.  In other words, it is claimed that no health concerns were identified from an evaluation 
of the toxicity and dietary exposure from the use of chlorine in food processing (EFSA, 
2014a; FAO/WHO, 2008a).  
Although it is currently supposed that within particular limits the application of chlorine 
in the food industry does not pose significant risks, it is relevant to be able to retrieve if 
chlorine has been applied or not. Therefore, the interaction of chlorine with the major 
constituents of food products should be considered.  
1.4.3 Reactions of chlorine with carbohydrates 
Sodium hypochlorite is the oldest and the most common oxidizing agent applied for 
starch oxidation. Oxidized starch is used in foods as coating agent in confectionery, as dough 
conditioner for bread, as gum arabic replacer and as binding agent in batter applications 
(Kuakpetoon and Wang, 2001). As shown in Figure 1-4, the hypochlorite anion oxidizes the 
hydroxymethyl group (C6) to an aldehyde group. It oxidizes the hydroxyl groups mainly at  
C2 or C3 to keto groups, aldehyde or carboxylic acid groups and will cleave also C2-C3 bond. 
Both carboxyl and carbonyl contents of oxidized starch increased with increasing 
hypochlorite level (Fukayama et al., 1986; Wang and Wang, 2003). 
 
 
Figure 1-4. Hypochlorite oxidation of starch, showing carbonyl and carboxyl 
formation (Korma et al., 2016). 
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During oxidation, amylose and amylopectin oxidized and degraded but amylose is more 
susceptible to oxidation. This is due to its more accessible nature and its linear structure 
(Wang and Wang, 2003). 
The hypochlorite oxidation was reported to depend on pH, temperature, hypochlorite 
concentration, starch molecular structure and starch origin (Kuakpetoon and Wang, 2001; 
Sanchez-Rivera et al., 2005). 
1.4.4 Reactions of chlorine with lipids 
Lipids in foods are reported to readily react with chlorine. In the (Johnston et al., 1983) 
study, phospholipids were shown to have incorporated more chlorine than neutral lipids with 
the degree of incorporation related to the degree of unsaturation. In general, within the fatty 
acid residues, polar lipids have a higher degree of unsaturation than non-polar lipids and thus 
are more prone to form chlorine addition products and oxidative degradation products (Mu et 
al., 1997).  
Chlorohydrins are the major products produced upon reaction of hypochlorite with 
unsaturated lipids. As shown in Figure 1-5, the reaction involves an electrophilic attack of Cl 
on the π-system of the double bond to form a carbenium ion, followed by nucleophilic attack 
of water-derived OH at the carbenium ion. The elimination of the proton at the carbenium ion 
is also possible but occurs to a minor extent (Spickett, 2007; Winterbourn et al., 1990).  
 
Figure 1-5. The mechanism of chlorohydrin formation from unsaturated fatty acids. 
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Erickson  (1999) explored the effect of water chlorination on the oxidative stability of 
poultry lipids and the potential for development of warmed-over flavor. This study proposed 
multiple mechanisms for the interaction between chlorine and lipids. In the first 2 days of 
storage at 2 °C, HOCl inhibited hydrolysis of lipids through inactivation of lipolytic enzymes. 
Upon further storage, HOCl appeared to accelerate propagation reactions and caused a 
markedly higher warmed-over score compared to the untreated samples. The impact on 
rancidity can be explained via the interaction of hypochlorite with N-groups present in 
phospholipids or proteins (as will be discussed in the next paragraph). These interactions lead 
to the formation of chloramines which subsequently break down via a free radical mechanism 
resulting in the initiation of the lipid oxidation reaction. 
1.4.5 Reactions of chlorine with amino acids, peptides and proteins 
Reactions of chlorine with amino acids, peptides and proteins have been observed by 
many researchers. In the case of free amino acids, a nucleophilic attack of the N atom on the 
Cl⁺ ion in HOCl results in a monochloramine (Hureiki et al., 1994). This chloramine can 
undergo simultaneous decarboxylation and dehydrochloration as shown in Figure 1-6. As a 
result an imine is formed which in aqueous conditions will be converted to the corresponding 
aldehyde, releasing ammonia. The monochloramine can also react further to yield a 
dichloroamine which can be converted into a N
•
 and Cl
• 
radical. Due to the instability of these 
radicals, the polypeptide chain will break. In addition these radicals may induce oxidation 
reactions as explained before. 
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Figure 1-6. The reactions of chlorine with a free amino acid. 
In addition, the side chain of amino acids can react with hypochlorite as well (Figure     
1-7). Thus cysteine can be oxidized to cystine. Cysteine and methionine can be oxidized to the 
corresponding sulfoxides and sulfones and further to respectively cysteic and homocysteic 
acid. Tyrosine can be oxidized to dityrosine via a radical mechanism. Tyrosine however can 
also be chlorinated to 3-chlorotyrosine (Figure 1-8) and 3,5-dichlorotyrosine (Monnier et al., 
2011). 
 
Figure 1-7. Products of amino acids oxidation residues by HOCl (Monnier et al., 
2011). 
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Figure 1-8. Chlorination of tyrosine to form 3-chlorotyrosine. 
The reactions between hypochlorite and amino acids are pH dependent, being more 
pronounced at alkaline pH’s (Kantouch and and Abdel-Fattah, 1971). At pH 2, the 
chloramines are the main reaction products. At pH 8, amino acids were mainly oxidized by 
hypochlorite ions. Not surprisingly, the reactivity is also amino acid dependent: the relative 
reactivity of NaOCl with 17 amino acids was compared by Na and Olson  (2007). The S-
containing amino acids were the most reactive while glycine and proline were the least 
reactive species. 
The impact of chlorine or hypochlorous acid on proteins and amino acids in foods has 
been studied as well but to a far lesser extent. Ewart  (1968) treated flour with 1.1% chlorine 
gas to determine which amino acid side chains in wheat proteins attacked. Chlorine was 
shown to oxidize cysteine and methionine, destroy a proportion of tyrosine and histidine and 
cause some deamidation of the amide groups. Particularly, the levels of methionine, cysteine, 
tyrosine and histidine decreased by 68.3, 40.8, 31.6 and 16.8%, respectively. In addition, 
chlorine that was applied to cake flour caused a progressive increase in extractability of the 
proteins (Tsen et al., 1971). Oxidation produced changes in the sulphydryl content and 
degradation of the aromatic amino acids. Chlorination of tyrosine was also reported. 
The modifications of whey and casein proteins as a function of the HOCl concentration 
(0.5 to 5.0 mmol HOCl/g protein) were determined by Kerkaert et al. (2011). Even at the 
lowest HOCl/protein ratio evaluated, dramatic losses of tryptophan and methionine in both 
proteins were observed. At the highest ratio, tyrosine was completely destroyed while only a 
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part of the total tryptophan and methionine was degraded. Histidine and lysine were degraded 
as well, but only above a 1 mmol HOCl/g protein level. 
Because in most food commodities which are potentially treated with chlorine 
disinfectants, proteins or amino acids are present, it seems a reasonable strategy to use 
modified amino acids as molecular targets to evaluate the eventual use of such agents. Of 
course, such molecular targets should be specific enough and should not be produced via 
other possible reactions. In addition, the molecular target should be stable throughout the 
analytical procedure. Typically, such an analytical procedure will include a full hydrolysis of 
the proteins present in the sample up to the amino acid level in order to allow a 
chromatographic separation of the individual amino acids or modified amino acids. Typically 
such a full hydrolysis of proteins is accomplished in quite strong reaction conditions, using 
6N hydrochloric acid at a high temperature (110 °C) for a long time (24 h). The reaction 
products of HOCl with the sulphur-containing side chains for instance are not stable and tend 
to decompose to generate more stable oxidation products, such as aldehydes, which are then 
not specific enough (Monnier et al., 2011; Pitt and Spickett, 2008). Also the reaction products 
of tryptophan, lysine and histidine are not specific enough as they can also be produced by 
free-radical-mediated oxidation of proteins (Ferrer et al., 2003; Hawkins et al., 2003; Pattison 
and Davies, 2001). Similarly a very generic parameter such as the protein carbonyl content, is 
not useful because they can be formed via many other routes such as covalent linkage of 
aldehydes produced via lipid oxidation or sugar degradation (Dalle-Donne et al., 2003; 
Winterbourn and Kettle, 2000). 
In view of the various reaction products of amino acids and hypochlorous acid, 3-
chlorotyrosine could be considered as a potential and useful biomarker. This hypothesis is 
moreover strengthened because this particular molecule has been used in medical studies as a 
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biomarker for myeloperoxidase induced hypochlorous acid formation on cellular level as will 
be outlined in the following paragraph.  
1.5 3-Chlorotyrosine and other biomarkers of myeloperoxidase –
derived HOCl 
There are a lot of studies with a medical perspective on the impact of HOCl on amino 
acids, proteins, nucleic acids and lipids (Bergt et al., 2004; Buss et al., 2003; Carr et al., 2001; 
Chapman et al., 2002; Chapman et al., 2003; Spickett, 2007; Szuchman-Sapir et al., 2010; 
Vlasova et al., 2012; Winterbourn and Kettle, 2000). HOCl is an important and strong oxidant 
generated by neutrophils. The enzyme catalyzing its formation is myeloperoxidase (MPO), 
which is particularly abundant in neutrophils (Reaction 1.11).  
 
H2O2  +  Clˉ                                     H2O + HOCl      (1.11) 
These MPO-derived oxidants are important for the human immune response against 
pathogens, but excessive or misplaced production can cause host tissue damage (Talib et al., 
2012). Several biomarkers of the major neutrophil oxidants, hypochlorous acid, have been 
identified.  
 
1.5.1 Chlorohydrins 
As mentioned before in the section 1.4.4, chlorohydrins are formed by the addition of 
HOCl across the double bonds of unsaturated fatty acids and cholesterol (Arnhold et al., 2001; 
Winterbourn, 2002; Winterbourn and Kettle, 2000).  
Chlorohydrins are the major reaction products from the reaction of HOCl and unsaturated 
phosphatidylcholines. Nonetheless, in biological samples, such as low-density lipoprotein or 
cells, the formation of chlorohydrins was observed only at a relatively high concentration of 
HOCl (>1mM) (Spickett, 2007). Winterbourn and Kettle (2000) suggested that pyridine 
myeloperoxidase 
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nucleotide chlorohydrins, the reaction products of HOCl and pyridine nucleotides, may prove 
to be a good biomarker. 
According to Guardia and Garrigues (2015) “a good biomarker should be sensitive 
(capable of measuring the contaminant after exposure), specific for the chemical of interest, of 
biological relevance, practical (the sample should be obtainable), inexpensive (low cost of 
analyses) and available”. Moreover, according to Winterbourn and Kettle (2000) important 
characteristics for a good biomarker are “specificity for the reactive species in question, and 
chemical and biological stability. In addition, the target should have a high reactivity and be 
present at a high enough concentration for the biomarker to be a significant product”. 
1.5.2 Protein carbonyls 
As mentioned before in section 1.4.5, carbonyls are one of the reaction products of 
proteins with HOCl (Chapman et al., 2000). However, protein carbonyls can be formed via 
other (oxidation) mechanisms and thus they cannot be taken as specific evidence of HOCl or 
myeloperoxidase involvement (Winterbourn, 2002; Winterbourn and Kettle, 2000).  
1.5.3 Glutathione sulfonamide 
Thiols are the most reactive biological substrates for HOCl and thus glutathione is a 
favored target for oxidation by HOCl (Winterbourn, 2002; Winterbourn and Kettle, 2000). 
Glutathione sulfonamide (Figure 1-10) is an oxidation product of glutathione formed by 
condensation of the oxidized cysteine with the amine group of the -glutamyl residue 
(Harwood et al., 2011).  
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Figure 1-9. Glutathione sulfonamide formation form glutathione and HOCl 
(Harwood et al., 2011). 
1.5.4 Chlorinated tyrosines 
3-chlorotyrosine and 3,5-dichlorotyrosine are formed when HOCl reacts with tyrosine 
residues in proteins (Domigan et al., 1995; Kettle, 1996). Therefore these compounds are used 
as a specific marker for MPO activity because they are heat stable and are not readily formed 
by other mechanisms. 3-Chlorotyrosine formation has been studied in various inflammatory 
diseases, such as asthma, atherosclerosis, Alzheimer, etc. The concentrations of 3-
chlorotyrosine is significantly higher in biological samples which have been exposed to a 
higher oxidative stress as a result of a particular inflammatory disease. By way of illustration, 
the atherosclerotic human aortic tissue exhibited a 30-fold increase in 3-chlorotyrosine 
content when compared with normal aortic tissue (Hazen and Heinecke, 1997). The 3-
Chlorotyrosine level in bronchoalveolar lavage fluid from children with cystic fibrosis 
(suspected aspiration, chronic oxygen requirement, chronic cough, or stridor) was five-fold 
higher than in control subjects (Kettle et al., 2004). In general, the 3-chlorotyrosine contents 
in tissues with oxidative damage range from 6 – 4000 µmol/mol tyrosine (Bergt et al., 2004; 
Buss et al., 2003; Nicholls et al., 2005; Pietzsch et al., 2004; van der Vliet et al., 2000; Zheng 
et al., 2005). 
A limitation to their use as biomarkers is that they are minor products of HOCl-induced 
protein oxidation. In order to measure such chlorinated tyrosines after proteins were exposed 
to low amounts of HOCl, sensitive analytical methods are required (Chapman et al., 2000). 
The preferred method is gas chromatography with mass spectrometry (GC/MS) using 
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selective ion monitoring and stable isotope-labeled internal standards. According to Crow et 
al. (2016), Gaut et al. (2002) were the only authors who used LC-MS/MS for chlorotyrosine 
analysis but reported a very cumbersome procedure requiring very long equilibration times 
between samples. Thus Crow et al. (2016) reported the first feasible approach to determine 
chlorotyrosines in blood. It should be realized however these authors did not use food as a 
matrix and the blood proteins were hydrolyzed up to amino acid level using pronase. In foods 
however, a more intensive hydrolytic procedure is required, using concentrated hydrochloric 
acid.  
1.6 Measurement of 3-chlorotyrosine 
Since 3-chlorotyrosine is a minor product of the reaction of proteins with HOCl, sensitive 
procedures are required to detect tyrosine chlorination (Chapman et al., 2000). GC/MS 
provides better sensitivity and specificity in comparison with high-performance liquid 
chromatography (HPLC) methods, although a direct HPLC method was described (Gaut et 
al., 2002). The stable isotopes 3-(
13
C6)chlorotyrosine or 3-(
13
C9)chlorotyrosine can be used as 
internal standards to correct for losses during sample preparation and analysis, although the 
use of deuterated analogues is described as well (Mani et al., 2007). The gas chromatographic 
methods require derivatization of the chlorotyrosine before analysis in order to (i) convert this 
polar compound into a non-polar volatile product; (ii) reduce the boiling point window so that 
it can be eluted at reasonable temperatures without thermal decomposition or molecular 
rearrangement; (iii) improve compound ionization (Gao et al., 2009; Guo et al., 2007). 
Particularly, 3-chlorotyrosine has 3 polar groups: OH, COOH and NH₂. These groups need to 
be derivatized into more apolar products for GC/MS analysis. 
Typically, these chemical functionalities can all be easily silylated using silylation agents 
such as N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) or N-tert-butyldimethylsilyl-N-
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methyltrifluoroacetamide (MTBSTFA) (Jenner et al., 2002). The disadvantage of this 
approach is that in mass spectrometry, the ions produced are not very specific, affecting the 
sensitivity of this approach (Zaikin and Halket, 2005). Thus it is necessary to introduce a 
group which has the ability to form a characteristic ion in the mass spectrum. Two approaches 
are followed: one using strongly fluorinated derivatives and another one using the acid 
chlorides route. 
In the first approach, e.g. ethyl heptafluorobutyrate converts the NH₂ group to a 
carbamate. In the next stage, the free OH and COOH groups are silylated (Gaut et al., 2006; 
Gaut et al., 2002; Mani et al., 2007). Although the fluorinated derivatives can be detected very 
sensitively, this approach has the disadvantage as it requires dedicated and less frequently 
used instrumentation, namely negative chemical ionization and electron capture detectors. 
For the use of acid chlorides, a one-step method for derivatization of all functional groups 
in 3-chlorotyrosine using a mixture of an alkylchloroformate (ROCOCl) and the 
corresponding alcohol has been proposed (Figure 1-10). The anhydride which is formed at 
the carboxylic acid group is converted to the ethyl ester due to the presence of ethanol (Cao 
and Moini, 1997; Croxton et al., 2006; Gao et al., 2009; Pietzsch et al., 1997; Qiu et al., 
2007). This approach has a number of advantages:(i) uniquely rapid derivatization (reaction in 
aqueous solution), completing sample preparation for GC within a few minutes, (ii) simple 
derivatization (performed entirely at room temperature) which facilitates batch preparation 
and improves reproducibility; (iii) easy separation of the derivatives from the reaction 
mixture; (iv) lower reagent costs. This derivatization method is primarily used for 
derivatization of amines, amino acids and organic acids in human and rat (plasma, blood, 
protein hydrolysate, urine, …), and food matrices (Casal et al., 2000; Husek, 1991; Pietzsch et 
al., 1997; Pietzsch et al., 2003; Qiu et al., 2007; Simpson et al., 1996; Sobolevsky et al., 2003; 
Sobolevsky et al., 2004; Tao et al., 2008).  
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Figure 1-10. Derivatization of 3-chlorotyrosine by ethyl chloroformate/ethanol. 
The presented literature review could provide the supportive information necessary for 
better understanding the research findings discussed in the following chapters. 
1.7 Objective 
Therefore, the major objectives of this PhD thesis are the following: 
1. To evaluate the impact of HOCl on dairy proteins as a model, considering various 
molecular changes on protein level, and compare them with the formation of 3-chlorotyrosine 
and this at various pH levels [Chapter 2]. 
2. To investigate the 3-chlorotyrosine formation in both animal and vegetable tissues. 
2.1. To investigate the potential of 3-chlorotyrosine to detect chlorine use on fish fillets 
with case examples of European plaice (Pleuronectes platessa) and gilthead seabream (Sparus 
aurata) [Chapters 3].  
2.2. To study the formation of 3-chlorotyrosine in ready-to-eat vegetables as in their 
production the use of HOCl is well established [Chapter 4]. 
3. To perform a dietary exposure and risk assessment on 3-chlorotyrosine via vegetable 
consumption for Belgian and Spanish populations [Chapter 4]. 
The general scheme of this PhD study is shown in Figure 1-11.   
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Figure 1-11. Schematic outline of the objectives of the PhD study. 
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3-CHLOROTYROSINE FORMATION  
VERSUS OTHER MOLECULAR CHANGES 
INDUCED BY HYPOCHLOROUS ACID  
IN PROTEINS: A STUDY  
USING DAIRY PROTEINS AS A MODEL 
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ABSTRACT  
General markers of HOCl induced changes in food proteins were evaluated and 
compared with the specific indicator 3-chlorotyrosine using dairy proteins at various 
oxidant/protein ratios (0.3-6.5 mmol HOCl/g protein) and at different pHs (8.0, 7.4, 5.8 and 
3.8). Protein aggregation was more pronounced at alkaline pH and already observed at a ratio 
of 0.3 mmol HOCl/g protein. Tryptophan, methionine, tyrosine and lysine in whey proteins 
showed more degradation at pH 8.0, whereas methionine and histidine in caseins were more 
vulnerable for degradation at pH 5.8. Total thiol content was strongly decreased, up to 75% at 
4.8 mmol HOCl/g whey protein with more degradation at acidic pH while in caseins it 
remained constant. The available lysine content notably decreased upon HOCl treatment and 
was more pronounced at pH 8.0. The levels of 3-chlorotyrosine increased as function of the 
oxidant/protein ratio and reached a maximum at 2.8 mmol HOCl/g whey and casein proteins. 
The 3-chlorotyrosine concentration was observed the least at pH 8.0, while the increase in 
protein carbonyls depended only on the HOCl/protein ratio, but not on the pH. It is concluded 
that 3-chlorotyrosine provides a more accurate assessment of the impact of HOCl damage on 
proteins in foods.  
 
Keywords: 3-Chlorotyrosine; Whey proteins; Caseins; Hypochlorous acid; pH 
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CHAPTER 2. 3-CHLOROTYROSINE FORMATION VERSUS 
OTHER MOLECULAR CHANGES INDUCED BY 
HYPOCHLOROUS ACID IN PROTEINS: A STUDY USING 
DAIRY PROTEINS AS A MODEL 
2.1 Introduction 
As mentioned in Chapter 1, HOCl is a strong oxidizing agent, destroying target 
organisms by oxidation of their cellular material. HOCl has been shown to be effective in 
eliminating large populations of microorganisms and to extend the shelf- life of many foods, 
including meat, poultry, fish and fish products, fruits and vegetables (Azanza et al., 2003; 
Erickson, 1999; FAO/WHO, 2008a; Reuter, 1998; Silveira et al., 2008; Stober et al., 1980; 
Vandekinderen et al., 2009c). The reaction of HOCl is however not limited to microorganisms 
but also organic compounds found in food matrices. Several studies in the 80s and 90s have 
reported incorporation of chlorine into beef, pork, chicken and shrimp (Cunningham and 
Lawrence, 1977; Johnston et al., 1983). Chlorine (1.1%) was shown to oxidize cysteine and 
methionine, destroy a proportion of tyrosine and histidine and cause some deamidation of 
wheat proteins (Ewart, 1968). In addition, chlorine that was applied to cake flour at levels of 0 
– 8.93 g/kg caused some changes in the sulfhydryl content and degradation of the aromatic 
amino acids. The chlorination of tyrosine have also been reported (Tsen et al., 1971).  
Currently, the use of chlorine as a sanitizer to decontaminate animal products is 
prohibited in the EU. It is however used as a hygienic processing aid in for instance water 
used for irrigation or for washing fresh cut fruits and vegetables (Alegria et al., 2009; Artes et 
al., 2009; Rico et al., 2007). Apart from potential abuse of hypochlorite as a decontamination 
agent, applied concentrations used in sanitizing applications can be too high because of 
insufficient care or ignorance. Moreover consumer’s acceptance to the use of bleach in 
contact with foods is not general, turning it into a quality issue (MacRitchie et al., 2014).  
Chapter 2: 3-Chlorotyrosine formation in dairy proteins 
 
52 
 
Reaction of free tyrosine with HOCl results in the formation of 4-
hydroxyphenylacetaldehyde, 3-chlorotyrosine, and 3,5-dichlorotyrosine. In protein or peptide-
bound tyrosine however, only the formation of 3-chlorotyrosine and 3,5-dichlorotyrosine was 
reported (Fu et al., 2000). Obviously, hypochlorite induces considerably more changes in 
proteins than only the conversion of tyrosine to 3-chlorotyrosine and further to 3,5-
dichlorotyrosine. Indeed, various researches described the formation of protein carbonyls and 
the reaction products of various amino acids with HOCl (Chapman et al., 2000; Ferrer et al., 
2003; Hawkins et al., 2003; Monnier et al., 2011; Pattison and Davies, 2001; Pitt and 
Spickett, 2008). Protein carbonyls are readily formed when proteins are treated with 
hypochlorite due to the decomposition of the formed chloramines (Chapman et al., 2000). 
However, protein carbonyls can be formed via many other routes, and thus cannot be 
considered as a specific marker (Winterbourn and Kettle, 2000). Similarly, tryptophan, lysine 
and histidine are readily reacting with hypochlorite, but the reactions products formed can 
also be produced via other oxidation routes (Ferrer et al., 2003; Hawkins et al., 2003; Pattison 
and Davies, 2001). In addition, other changes with the sulphur-containing side chains of 
methionine, cystine and cysteine residues are difficult to access because of the instability of 
the reaction products, thus limiting their applicability to be used as a biomarker for 
hypochlorite exposure (Monnier et al., 2011; Pitt and Spickett, 2008).  
Previously, our colleagues reported on the oxidation of dairy proteins with hypochlorite 
at one particular pH, but 3-chlorotyrosine was not one of the markers monitored (Kerkaert et 
al., 2011). As an elaboration of this earlier work, the impact of hypochlorite on these model 
food proteins was currently studied at various pH levels. Various molecular changes on 
protein level were considered and additionally compared with the formation of 3-
chlorotyrosine. In consequence, the potency of 3-chlorotyrosine was evaluated as an indicator 
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for the use of hypochlorite in contact with foods in comparison with the other molecular 
changes in proteins. 
2.2 Materials and methodology 
2.2.1 Chemicals and reagents 
Whey protein isolate (Lacprodan
®
 DI-9224) and caseinate (Miprodan
®
 30) both 
containing 88% protein, 1.5% fat, 0.3% sugar, 4% ash and 6% moisture were delivered by 
Acatris Food Belgium (Londerzeel, Belgium). Gel and standards for SDS-PAGE were from 
Bio-Rad (Nazareth, Belgium). Pyridine and trifluoroacetic acid were of analytical grade and 
obtained from Merck (Darmstadt, Germany). Acetonitrile HPLC grade was obtained from 
VWR (Leuven, Belgium). All other chemicals and reagents were of analytical or HPLC grade 
and obtained from Sigma Aldrich (Bornem, Belgium) and Chemlab (Zedelgem, Belgium). 
2.2.2 Oxidation of milk proteins with HOCl 
Proteins and HOCl were dissolved in a 0.1 M potassium phosphate buffer at pH 8.0, 7.4 
and 5.8 and in an acetate buffer containing 0.1 M acetic acid and 0.013 M sodium acetate at 
pH 3.8. For caseins, the experiments were only performed at pH 8.0, 7.4 and 5.8 since they 
precipitate at pH 3.8 (below their isoelectric point of 4.6). The HOCl stock standardization, 
protein oxidation and protein content determination were done as described by Kerkaert et al. 
(2011). 
2.2.3 SDS-PAGE 
Proteins were subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis 
(SDS-PAGE) under reducing conditions as described by Kerkaert et al. (2011). Diluted 
samples were 1:1 mixed with Laemmli buffer, heated (5 min at 90 °C) and centrifuged. 10 µg 
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of protein was brought onto a 12% or 15% polyacrylamide Tris-HCl gel. Gels were developed 
with Biosafe Coomassie and read using a Bio-Rad Gel Doc
TM
 Imager (Nazareth, Belgium). 
2.2.4 Carbonyl assay 
Protein carbonyls were determined as described by Kerkaert et al.  (2011). Proteins were 
treated with 2,4-dinitrophenylhydrazine (DNPH) and unreacted DNPH was removed by 
precipitating the proteins using trichloroacetic acid (TCA) and washing the protein pellet with 
ethanol:ethylacetate (1:1, v/v). This washing step was performed because the UV absorption 
of hydrazone also interfering with the determination of protein carbonyls at 360-380 nm. 
Absorbance of the dissolved pellet (in 0.5 mL of 6 M urea in 20 mM phosphate buffer) was 
read at 370 nm using a Bio-Rad Benchmark Plus microplate spectrophotometer (Nazareth, 
Belgium). The carbonyl content was expressed in µmol carbonyls/g protein using a molar 
absorption coefficient of 22000 M
-1
 cm
-1
. 
2.2.5 Amino acid analysis 
Proteins were hydrolysed to their constituent amino acids which were then derivatized 
with ortho-phthaldialdehyde and 9-fluorenylmethyl chloroformate and separated on HPLC as 
described by Kerkaert et al. (2011). Before hydrolysis, the oxidized proteins were precipitated 
with TCA and then incubated on ice during 10 min followed by a centrifugation at 4053 x g 
for 10 min at 4 °C. The obtained pellet was redissolved in 5 mL of 0.1 M phosphate buffer. 
For the acid hydrolysis, 1.3 mL of the redissolved pellet was added to 3.7 mL of 8 M HCl. 
For basic hydrolysis, 2 mL of redissolved pellet was added to 2 mL of 8 M NaOH. Both 
mixtures were incubated for 24 h at 110 °C, and further neutralised before analysis. Amino 
acids were derivatized in the injector of an Agilent 1100 system (Agilent Technologies, 
Switzerland) and separated on a Zorbax Eclipse AAA Rapid Resolution column (4.6 x 150 
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mm, Agilent Technologies) and detected fluorometrically (at wavelength pairs of 
Excitation/Emission 340/450 and 266/305). A flow rate of 2 mL/min was applied with a 
gradient of solvent A (45% methanol, 45% acetonitrile and 10% water) and solvent B (45 mM 
NaH₂PO₄.H₂O, 0.02% NaN₃, pH 7.8). Eluting conditions expressed as % of solvent B were 
as follows: from 0 to 1.9 min - 95%; 1.9 to 17.9 min - 43%; 17.9 to 18.4 min - 0%; 18.4 to 
22.2 min - 0% and 22.2 to 23 min - 95%. 
2.2.6 Total thiol groups  
The oxidation of the sulfur containing amino acids was monitored by the Ellman method 
as described by Kerkaert et al. (2011). One mL of 10 M urea (in Tris-HCl) and 20 µL of 
mercaptoethanol were added to 0.2 ml of protein solution. After incubation (1h), proteins 
were precipitated with TCA (20%). The pellet was washed with TCA (20%) to remove the 
excess of mercaptoethanol. The sample was centrifuged to remove suspended particles that 
would otherwise interfere with an accurate colorimetric reading. The final pellet was 
redissolved in 3mL of 50 mM Tris-HCl buffer (pH 8.0) containing 8 M urea. Subsequently 
20µl of 10 mM of 5,5-dithiobis nitro-benzoic acid was added. The absorbance was measured 
at 412 nm before and after adding 5,5-dithiobis(2-nitro-benzoic)acid against a blank without 
protein using a Varian Cary 50 UV–visible spectrophotometer (Varian, USA). The thiol 
content in µmol SH/g protein was calculated using the molar extinction coefficient of 13600 
M
-1
 cm
-1
. 
2.2.7 Available lysine residues 
The loss of reactive lysine residues was determined by a fluorescence method as 
described by Kerkaert et al. (2011). Briefly, protein solutions were mixed 1:1 with 12 % SDS 
and overnight incubated at 4 °C. After sonication, 25 µL of sample was mixed with 750 µL 
ortho-phthaldialdehyde reagent during 30 s and incubated for 90 s in the dark. After 
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vortexing, the fluorescence was measured at an excitation wavelength of 340 nm and an 
emission wavelength of 450 nm (with a Spectramax Gemini XPS fluorimeter, Molecular 
Devices, Brussels, Belgium). Results were expressed in mg lysine/g protein.  
2.2.8 Determination of 3-chlorotyrosine 
3-Chlorotyrosine was analysed by a stable isotope assay using a gas chromatography 
coupled with mass spectroscopy (GC/MS) method as adapted from previous researchers 
(Hazen et al., 1997; Hazen and Heinecke, 1997; Husek, 1991; Takano et al., 2010).  
2.2.8.1 Synthesis of the internal standard 
Sodium hypochlorite (final concentration 3 mM) was added to a solution of L-[
13
C6] 
tyrosine (3 mM) and phosphoric acid (50 mM) containing 100 mM sodium chloride. 
Trifluoroacetic acid (TFA) was added (0.1% final) after incubation at 37 °C for 60 min. The 
internal standard 3-[
13
C6] chlorotyrosine was isolated from the reaction mixture by reverse-
phase HPLC with monitoring of the absorbance at 276 nm. Separation was conducted using a 
Discovery C18 column (Supelco, Bellefonte, PA). The mobile phase consisted of 0.1% TFA 
in 5% methanol (A) and 0.1% TFA in 90% methanol (B). The flow rate was constant at 1 
mL/min with a discontinuous gradient of 0–35%, 35%, 35–100%, 100%, 100–0% and 0% of 
solvent B at 0–9 min, 9–14 min, 14–15 min, 15–16 min, 16–17 min and 17–20 min, 
respectively. The purity of the internal standard was checked by both HPLC and GC/MS. As 
chlorotyrosine eluted during the LC fractionation as a well resolved peak from the main other 
products present (tyrosine, dichlorotyrosine; peaks were eluting with a 2 minutes difference) 
and as in the GCMS total ion chromatogram, only the chlorotyrosine peak could be detected 
(corrected for reagent blanc) and as the spectrum of the peak confirmed the identity of the 
compound, the purity of the isolated internal standard is estimated to be > 99%. 
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The concentration of the internal standard was calculated from the slopes of calibration 
curves obtained via HPLC analysis, supposing that the 
13
C6-chlorotyrosine has the same 
molar response compared to the native chlorotyrosine.   
2.2.8.2 Acid hydrolysis and cation exchange chromatography 
A known amount of internal standard (2.0 μg/mL) was added to all oxidized samples 
before hydrolysis with 12 N hydrochloric acid (containing 0.1% phenol and 0.1% Na₂SO₃) 
for 24 h at 110 °C. After cooling down, the samples were adjusted to pH 1 with NaOH. The 
amino acid fraction was isolated using cation exchange column chromatography (DOWEX 
50WX8, 200–400 mesh) and then dried under nitrogen.  
2.2.8.3 Derivatization and GC/MS analysis 
Amino acids were treated with 100 μL water:ethanol:pyridine in a volume ratio 60:32:8. 
Then 5 μL of ethyl chloroformate was added and mixed by a vortex blender for 30 s. The 
derivatives were extracted with 100 μL of dichloromethane containing 2% ethyl 
chloroformate. An aliquot was taken from the dichloromethane layer, dried over Na₂SO₄ and 
injected to an Agilent 5975 GC/MSD (Agilent Technologies, Germany). The samples (1 μL) 
were injected in the splitless mode and the inlet temperature was 200 °C. Separation was 
accomplished on an Agilent HP-5MS capillary column (5% phenyl methyl siloxane, 30 m × 
0.25 mm × 0.1 μm) with a flow rate of 1.0 mL/min using helium as the carrier gas. The initial 
oven temperature was 100 °C held for 1 min and then increased to 250 °C at a rate of 40 
°C/min for a total run time of 12 min. The mass spectrometer was operated in the electron 
impact (EI) ionization mode; selective mass detection was achieved by operating it in the 
selected ion monitoring (SIM) mode. The EI mass spectra of the analyte were recorded in the 
scan mode (scan range m/z 50–800) to determine retention times and characteristic mass 
fragments. The concentrations of 3-chlorotyrosine were determined using the quantification 
ions (m/z 226/232 SIM mode). The identity was based on the relative retention time of the 
quantification ion (226) and identification ion (298). Ion ratios of m/z 226 divided by m/z 298 
were used to confirm the identity of the peak.    
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Limits of Detection (LOD) and Limits of Quantification (LOQ) were calculated based on 
the standard deviation of the residuals of the response and the slope of the addition curve 
(Mocak, Bond, Mitchell, & Scollary, 1997). LOD equals to 3.3 x (standard deviation/Slope), 
while LOQ equals to 10 x (standard deviation/Slope) (Papastergiadis et al., 2014b). The 
trueness of the measurement was assessed through the recovery of the analyte added at 
different levels (addition curves) to the relevant matrices (fish (Plaice), iceberg lettuce, 
skimmed milk) as suggested by the European Union Commission decision 2002/657/EC (EC, 
2002). 
Validation experiments showed that the optimized method presented good linearity (R² > 
0.997) in a range from 0 to 100 μg 3-chlorotyrosine/mL, satisfactory precision (CV <4.2%), 
and high internal standard corrected recovery (96–110%). The LOD is 0.30 nmol 3-
chlorotyrosine/mg protein (1.08 mmol 3-chlorotyrosine/mol tyrosine), LOQ is 0.59 nmol 3-
chlorotyrosine/mg protein (2.12 mmol 3-chlorotyrosine/mol tyrosine). 
2.2.9 Statistical analysis 
All laboratory experiments were performed in triplicate and statistical analysis was 
carried out with SPSS Statistics package version 22 (IBM, SPSS, Inc.). The Shapiro-Wilk test 
was used to verify the normality, the Levene’s test was confirmed heteroscedasticityof the 
data distribution. Statistical comparisons between groups were then made using one-way 
analysis of variance (ANOVA), followed by Tukey post hoc test with significance level of p < 
0.05.  
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2.3 Results 
2.3.1 Gel electrophoresis 
In whey proteins, the intensity of three major bands that correspond to α-lactalbumin 
(14.2 kDa), β-lactoglobulin (18.3 kDa) and bovine serum albumin (66.4 kDa) decreased and 
an increase in smearing was observed with increasing the HOCl/protein ratio (Fig. 2-1). 
Nonetheless, a new broader protein band with a molecular weight around 36 kDa appeared 
until a ratio of 4.9 mmol HOCl/g protein, indicating dimer formation. At pH 8.0 and 7.4 (Fig. 
2-1A, 2-1B) the β-lactoglobulin band disappeared at 3.2 mmol HOCl/g protein but persisted 
in the case of the acidic pH 5.8 and especially 3.8 (Fig. 2-1C, 2-1D). At the higher 
oxidant/protein ratios than 3.2 mmol HOCl/g protein, the dimer band tended to disappear, 
probably due to further aggregation of the protein.  
  
  
  
 
Figure 2-1. SDS-PAGE profiles of oxidized whey proteins as function of the 
hypochlorous acid/protein ratio (mmol/g) and pH. Whey – pH 8.0 (A), whey – pH 7.4 
(B), whey – pH 5.8 (C), whey – pH 3.8 (D). The ovals indicated a dimer formation (36 
kDa). ALA: α-lactalbumin. BLG: β-lactoglobulin. 
  
BLG 
ALA 
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Figure 2-2. SDS-PAGE profiles of oxidized caseins as function of the hypochlorous 
acid/protein ratio (mmol/g) and pH. Caseins – pH 8.0 (A), casein – pH 7.4 (B), caseins – 
pH 5.8 (C). The ovals indicated aggregates. 
 
Formation of high molecular weight aggregates was more pronounced in the case of 
caseins at all pH levels considered, as can be observed from the smearing in the 75-250 kDa 
range and the presence of larger aggregates at the top of the running gel (at HOCl/protein 
ratio from 0.3 to 1.6) and the bottom of the stacking gel (at HOCl/protein ratio from 3.2 to 
6.5) (Fig. 2-2). The bands for the aggregates were already observed at the lowest 
HOCl/protein ratio of 0.3 mmol/g at all pH studied and their intensity became more 
prominent at higher oxidant/protein ratios regardless of the pH applied. Meanwhile, caseins 
bands tended to disappear completely at HOCl/protein ratio of 3.2 (at a pH of 8.0 and 7.4, 
Fig. 2-2A, 2-2B) and 4.9 (at pH 5.8, Fig. 2-2C).  
s2 casein 
β casein 
s1 casein 
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2.3.2 Protein carbonyls 
The carbonyl content significantly increased upon HOCl oxidation and was higher in 
whey proteins compared to caseins (Fig. 2-3). Initially, protein bound carbonyls content was 
0.44 – 0.78 µmol/g whey protein and 2.09 – 2.65 µmol/g caseins protein. At a 1.2 mmol 
HOCl/g whey protein ratio, a 50-fold increase in protein carbonyls was observed while at 
higher ratios even a more than 100-fold increase compared to the initial levels of carbonyls 
was noticed. In the case of caseins, the increase was 7-fold and above 20-fold, respectively. 
Remarkably, the increase in protein carbonyls depended only on the HOCl/protein ratio, but 
not on the pH. 
 
  
 
Figure 2-3. The carbonyl content (µmol carbonyl/g protein) in whey (A) and casein (B) 
proteins as function of the hypochlorous acid/protein ratio (mmol/g) and pH. The data 
points represent mean values ± standard deviation of three independent determinations. 
2.3.3 Amino acid content 
In this experiment, two HOCl/protein ratios were evaluated (1.0 and 2.5 mmol HOCl/g 
protein) (Table 2-1). Among the 5 amino acids reported, tryptophan was the most vulnerable 
for degradation. Indeed, a strong degradation was already observed at 1.0 mmol HOCl/g 
protein, however for whey at acidic pH, this loss was clearly less than at alkaline pH. At 2.5 
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mmol HOCl/g protein, tryptophan was not detectable anymore for any of the proteins; 
therefore, higher HOCl/protein ratios were not evaluated.  
Methionine oxidation in whey proteins was less pronounced compared to caseins most 
probably because of the difference in protein structure between caseins and whey proteins. At 
1.0 mmol HOCl/g protein less degradation was found in whey especially at pH 3.8 – 7.4. At 
pH 8.0 however, 96% of methionine residues were lost in whey and 89% in casein which is in 
contradiction with the observations at pH 3.8 – 7.4. At 2.5 mmol HOCl/g protein ratio, 
methionine was almost completely degraded for both proteins.  
Tyrosine in whey was more stable than in caseins at a ratio of 1.0 mmol HOCl/g protein 
for all pH levels. The pH impact on the degradation of tyrosine in whey proteins was more 
pronounced at pH 8.0 than at the other pHs, whereas for caseins this difference was not so 
pronounced. At the highest oxidant/whey proteins ratio, the influence of pH was more 
noticeable with the least modified at pH 5.8 and lowest at pH 8.0. The impact of pH was 
similar for caseins but tyrosine degradation was most pronounced at pH 7.4.  
For histidine at 1.0 mmol HOCl/g protein, no pH impact was observed for whey proteins 
and a minor pH impact for caseins. This way, at pH 8 less histidine residues were modified. 
At 2.5 mmol HOCl/g protein, the pH impact was somewhat more pronounced in caseins 
(more stable at higher pH) than in whey proteins (the least stable at pH 3.8).  
At 1.0 mmol HOCl/g protein, pH had no effect on HOCl oxidation of lysine in whey 
proteins and a restricted pH impact at pH 5.8 for caseins. At the highest oxidant/whey 
proteins ratio, a limited pH impact on lysine modification was noticed for both proteins with 
the lowest stability at pH 8.0. Lysine was degraded at a HOCl/protein ratio higher than 1.0 
mmol HOCl/g protein. 
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Table 2-1. Evaluated amino acid contents of whey and casein proteins oxidized at different hypochlorous acid/protein ratios and at 
different pHs. Results are expressed in g/100g protein.  
HOCl 
(mmol/g protein) pH 
Whey proteins Caseins 
Trp Met Tyr His Lys Trp Met Tyr His Lys 
0 
8.0 
1.73Aa±0.02 2.65Aa±0.04 3.69Aa±0.04 2.14Aa±0.02 10.88Aa±0.18 1.19Aa±0.02 3.35Aa±0.03 6.64Aa±0.08 3.42Aa±0.04 8.50Aa±0.12 
7.4 1.56Ac±0.04 2.53Ab±0.01 3.48Ab±0.03 2.03Ab±0.03 10.38Ab±0.02 1.20Aa±0.01 3.51Ab±0.04 6.92Ab±0.06 3.59Ab±0.02 8.74Aa±0.06 
5.8 
1.65Aab±0.03 2.55Ab±0.02 3.50Ab±0.03 2.06Ab±0.03 10.39Ab±0.09 1.14Ab±0.02 3.21Ac±0.08 6.54Aa±0.15 3.39Aa±0.07 8.49Aa±0.12 
3.8 1.61Abc±0.03 2.51Ab±0.03 3.44Ab±0.02 2.02Ab±0.02 10.13Ab±0.08 ND ND ND ND ND 
            
1 
8.0 0.08Ba±0.03 0.09Ba±0.01 1.74Ba±0.06 1.64Ba±0.00 8.82Ba±0.13 0.04Ba±0.01 0.36Ba±0.13 3.30Ba±0.12 2.71Ba±0.08 6.38Ba±0.34 
7.4 0.08Ba±0.00 0.60Bb±0.00 2.62Bbc±0.01 1.67Ba±0.01 8.13Ba± 0.06 0.15Bb±0.00 0.34Ba±0.01 3.90Bb±0.03 2.46Bab±0.02 6.34Ba±0.03 
5.8 0.12Ba±0.01 1.33Bc±0.03 2.88Bc±0.11 1.84ABa±0.10 8.98Ba±0.35 0.08Bc±0.00 0.04Bb±0.03 3.30Ba±0.04 2.23Bb±0.09 5.83Bb±0.09 
3.8 0.53Bb±0.01 0.98Bd±0.05 2.17Bab±0.25 1.44Ba±0.20 9.65Aa±0.57 ND ND ND ND ND 
            
2.5 
8.0 0.00Ba±0.00 0.10Bab±0.06 0.16Ca±0.01 1.15Ca±0.01 6.76Ca±0.01 0.00Ca±0.00 0.00Ca±0.00 0.29Ca±0.01 1.94Ca±0.02 4.18Ca±0.02 
7.4 0.00Ca±0.00 0.00Ca±0.00 0.53Cb±0.00 1.23Ca±0.01 7.57Cb±0.01 0.00Ca±0.00 0.00Ca±0.00 1.27Cb±0.00 1.70Cb±0.00 6.01Cb±0.00 
5.8 0.05Ba±0.03 0.15Cb±0.00 1.54Cc±0.07 1.57Bb±0.03 8.94Bc±0.04 0.00Ca±0.00 0.00Ba±0.00 0.48Cc±0.01 1.27Cc±0.01 5.23Cc±0.02 
3.8 0.00Ca±0.00 0.10Cab±0.00 0.31Ca±0.01 0.87Cc±0.02 7.58Bb±0.02 ND ND ND ND ND 
 
Results are expressed as mean ± standard deviation (n = 3). Amino acid contents for each milk protein, different uppercase letters indicate 
statistically significant differences among HOCl treatments for the same pH; different lowercase letters indicate statistically significant 
differences between pH for the same HOCl treatment (One way ANOVA, p<0.05). ND not determined. 
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However, at 2.5 mmol HOCl/g protein, lysine degradation was stronger in caseins than 
in whey proteins.   
Table 2-2. Total thiol content (µmol SH/g protein) and available lysine content (mg 
lysine/g protein) in whey and casein proteins at different hypochlorous acid/protein 
ratios and at different pHs.  
HOCl 
(mmol/g protein) 
pH 
Total thiol 
(µmol SH/g protein) 
Available lysine 
(mg lysine/g protein) 
Whey proteins Caseins Whey proteins Caseins 
0 
8.0 210.95±6.67 
Aa 
22.92±0.72
 Aa 
102.65±2.89
 Ca 
59.16±1.65
 Aa
 
7.4 206.02±1.64
 Aa 
23.91±0.94
 Aa 
101.52±0.60
 Ca 
68.40±2.46
 Ab 
5.8 199.61±4.64
 Aa 
23.66±1.81
 Aa 
103.00±0.58
 Ca 
62.88±0.51
Aab 
3.8 195.33±7.03
 Aa 
       ND 103.35±1.06
 Ca 
      ND 
      
1.2 
8.0 180.66±4.42
 Ba 
21.83±1.65
 Aa 
63.59±1.26
 Bab 
18.46±0.35
 Ba 
7.4 164.48±4.86
 Ba 
22.65±0.92
 Aa 
60.12±0.39
 Ba
 32.96±1.15
 Bb 
5.8 169.65±1.93
 Ba 
22.57±0.97
 Aa 
71.08±0.54
Bbc 
43.61±1.07
Bc 
3.8 126.71±4.92
 Bb 
       ND  75.33±3.92
Bc 
       ND 
      
3.5 
8.0 131.56±0.46
 Ca 
21.31±0.88
 Aa 
28.83±0.78
 Aa 
0.00±0.00
 Ca 
7.4 113.75±5.03
Cb 
22.21±1.12
 Aa 
43.42±1.60
 Ab 
14.67±0.79
Cb 
5.8 47.91±0.05
 Cc 
22.53±1.41
 Aa 
52.69±0.52 
Ac 
15.69±0.76
Cb 
3.8 55.38±1.07
 Cc 
       ND 61.20±0.83
 Ad 
       ND 
      
4.8 
8.0 104.07±0.84
 Da 
21.89±0.96
 Aa 
24.03±0.18
 Aa 
0.00±0.00
 Ca 
7.4 92.49±4.25
 Da 
21.59±1.84
 Aa 
47.16±2.21
 Ab 
15.58±0.32
Cb
 
5.8 34.98±0.53
 Db 
23.27±1.74
 Aa 
53.01±0.39
Abc 
20.98±1.60
 Dc 
3.8 46.92±3.62
Cb 
       ND 57.23±1.66
 Ac 
       ND 
 
Results are expressed as mean ± standard deviation (n = 3). For each milk protein, different 
uppercase letters indicate statistically significant differences among HOCl treatments for the 
same pH; different lowercase letters indicate statistically significant differences between pH 
for the same HOCl treatment (One way ANOVA, P<0.05). ND not determined. 
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2.3.4 Available lysine content 
As can be seen from Table 2-2, the available lysine content notably decreased upon 
HOCl treatment. At all pH levels evaluated, for whey proteins incubated with 1.2 mmol 
HOCl/g protein, about 30 % of the available lysine residues were lost and a reduction of 40 – 
70 % at higher ratios was observed. In caseins, available lysine losses were about 50% at 1.2 
mmol HOCl/g protein and from 66 – 100 % at ratios above 3.5 mmol HOCl/g protein. The 
loss of available lysine was more pronounced at pH 8 for both proteins however, lysine was 
typically less stable in caseins than in whey.  
2.3.5 Total thiols 
As shown in Table 2-2, while the depletion of the total thiol content in caseins was 
quite limited, the loss was more severe for whey proteins at all pH levels tested. 
A clear impact of pH on the protein thiols was observed in whey proteins with a stronger 
degradation at acidic pH. Indeed, whey proteins incubated with 4.8 mmol HOCl/g protein at 
pH 3.8 led to a 75% decrease while 50% of total thiol groups at the same oxidant/protein ratio 
were lost at pH 8.0. This tendency was observed at all oxidant/protein ratios evaluated. 
Furthermore, the loss of sulfhydryl content in whey proteins depended on the oxidant/protein 
ratio. For example, at pH 8.0 15% of the sulfhydryl groups were degraded at 1.2 mmol 
HOCl/g protein, while at 3.5 and 4.8 mmol HOCl/g whey protein losses amounted 40 and 
50% respectively. Similar trends were observed at the other pH levels evaluated.  
2.3.6 Formation of 3-chlorotyrosine 
As illustrated in Fig. 2-4, the concentration of 3-chlorotyrosine increased as a function 
of the HOCl/protein ratio and reached a maximum at 2.8 mmol HOCl/g protein for both 
proteins. While a low percentage (3 – 5 %) of tyrosine was modified to 3-chlorotyrosine at a 
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ratio of 0.21 mmol HOCl/g whey and caseins proteins, those percentages amounted 20 – 40 % 
in whey and 30 – 50 % in caseins incubated with 2.8 mmol HOCl/g protein. At higher 
oxidant/protein ratios the 3-chlorotyrosine content however decreased. At a 4.4 mmol HOCl/g 
protein ratio, up to 14 – 24 % and 22 – 34 % of tyrosine was converted to 3-chlorotyrosine in 
whey proteins and caseins, respectively. 
 
* The levels of 3-chlorotyrosine at 0 mmol HOCl/g protein were below the LOD of 1.08 
mmol/mol tyrosine. 
Figure 2-4. The concentration of 3-chlorotyrosine (mmol/mol tyrosine) in whey (A) and 
casein (B) proteins as function of the hypochlorous acid/protein ratio (mmol/g) and pH. 
The data points represent mean values ± standard deviation of three independent 
determinations. 
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The impact of pH on 3-chlorotyrosine formation seemed to be dependent upon both the 
protein and the oxidant/protein ratio. Up to a HOCl/protein ratio of 1.45 mmol HOCl/ g 
protein, 3-chlorotyrosine formation was least pronounced at pH 5.8 for both proteins. At 
higher ratios, 3-chlorotyrosine formation in whey was least pronounced at pH 8.0, while for 
caseins the least influenced pH levels were pH 5.8 or pH 8.0. For whey proteins, the 
formation of 3-chlorotyrosine was highest at pH 3.8 at the oxidant/protein ratios studied, 
while for caseins pH 7.4 was the most efficient pH for 3-chlorotyrosine generation.  
2.4 Discussion 
2.4.1 The impact of HOCl at various pH levels on general protein 
oxidation markers 
Besides the oxidant/protein ratio and the type of protein, the pH had a major impact on 
the HOCl induced protein modifications except for protein carbonyls in both proteins and 
sulfhydryl groups in the case of caseins. While more protein aggregation was observed at 
alkaline pH levels (Fig. 2-1, 2-2), surprisingly the pH influence on the degradation of specific 
amino acids (Table 2-1) showed an unclear trend. Tryptophan, methionine, tyrosine and 
lysine in whey proteins showed more degradation at pH 8.0, whereas methionine and histidine 
in caseins were more vulnerable for degradation at pH 5.8. Losses of available lysine residues 
were more pronounced at basic pH than at acidic conditions (Table 2-2). The differences 
observed between the total lysine and available lysine content were most probably caused by 
the conversion of the chloramines of the lysine ε-amino group to the native lysine during the 
strong acid hydrolysis applied for amino acid analysis (Cucu et al., 2013; Moughan, 2003; 
Nightingale et al., 2000). It was observed that the higher amount of protein carbonyls formed 
at the basic pH in whey proteins was in agreement with the stronger tryptophan, methionine, 
tyrosine, lysine degradations and losses available lysine of whey proteins at the basic pH 
Chapter 2: 3-Chlorotyrosine formation in dairy proteins 
 
68 
 
compared to acidic pH. It is well known that the oxidative degradation of amino acids such as 
proline, arginine, lysine and threonine results in the formation of carbonyl groups. Besides, in 
the case of hypochlorous acid also tryptophan, methionine, cysteine and histidine oxidize to 
carbonyl compounds (Hawkins et al., 2003). That these oxidative degradations and SDS-
PAGE observed aggregation were stronger at basic pH could be due to the fact that the 
anionic form (OClˉ) had a higher reactivity towards the protonated amine groups compared to 
the protonated acid (HOCl) (Abia et al., 1998; Armesto et al., 1993; Hawkins et al., 2003). An 
opposite pH effect was observed in Table 2-2, at 4.8 mmol HOCl/g protein, total thiol content 
of whey proteins decreased significantly at pH 5.8 and 3.8 compared to basic pH. The higher 
reactivity of hypochlorous acid towards the sulphur group of cysteine was described earlier by 
Armesto et al. (2000) who showed that the reaction rate constant between the thiol group of 
cysteine and HOCl was 1.2x10⁹molˉ¹ dm³ sˉ¹, while the reaction rate constant with OClˉ was 
1.9x10⁵molˉ¹ dm³ sˉ¹.  
The molecular changes observed are not suitable as specific indicators for the HOCl 
induced oxidation of food proteins. First of all, they are not very specific: protein carbonyls 
can be generated via other reactions and the considered amino acids can be degraded by a 
series of other interactions. The current study reinforced this view because of the variable 
impact of pH on the considered parameters modifications induced by hypochlorous acid 
oxidation. Indeed, some parameters (carbonyl formation, total thiols decrease in especially 
caseins) seem not to be pH dependent, although other parameters do change in a pH 
dependent manner. Therefore the use of 3-chlorotyrosine as a potentially more specific and 
potential indicator was considered. 
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2.4.2 The impact of HOCl at various pH levels on the specific indicator 
chlorotyrosine 
The most striking result to emerge from this study refer to a specific degradation 
compound, 3-chlorotyrosine, determined in both whey and casein proteins treated with HOCl 
(Fig. 2-4). The 3-chlorotyrosine formation strongly depended on the HOCl/ protein ratio: the 
significant difference of 3-chlorotyrosine concentrations was observed between almost all 
ratios. From a HOCl ratio of 0.8 mmol/g protein and higher, the formation of 3-chlorotyrosine 
was remarkably higher in caseins compared to whey proteins. It seemed that in caseins 
tyrosine residues more readily react with HOCl to form 3-chlorotyrosine residues than in 
whey proteins. This could be due to the better accessibility of the HOCl to the tyrosine 
residues in caseins in view of their random coil structure. Moreover, by evaluating the 3D 
structure of α-lactalbumin and β-lactoglobulin (using the PyMOL molecular visualization 
software, www.pymol.org), it was shown that in whey proteins 40% tyrosine residues are 
buried explaining the lower susceptibility to degradation.  
The levels of 3-chlorotyrosine in whey proteins and caseins both reached a maximum 
level at 2.8 mmol HOCl/g protein. These results match those observed in earlier studies. In 
bovine serum albumin treated with 0.01 – 1.0 mmol HOCl/g protein, levels of 3-
chlorotyrosine significantly increased at all doses of HOCl (Chapman et al., 2000). (Kettle et 
al. (1998) reported that the HOCl-induced formation of 3-chlorotyrosine in peptides and 
proteins reached a plateau at about 800 µM. 
At higher oxidant/protein levels, the formation of 3,5-dichlorotyrosine, which could not 
be monitored with the method used, most likely predominated the formation of 3-
chlorotyrosine. Indeed, when 200 µM HOCl was added to 500 µg/ml of bovine serum 
albumin both 3-chlorotyrosine and 3,5-dichlorotyrosine were formed (Kettle et al., 1998). 
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Furthermore, as the dose of hypochlorous acid increased from 0.01 – 1.0 mmol HOCl/g 
bovine serum albumin, levels of 3,5-dichlorotyrosine also increased (Chapman et al., 2000). 
A clear discrepancy between the tyrosine losses as determined by amino acid analysis 
(Table 2-1) and the generated amounts of 3-chlorotyrosine was observed for both proteins. 
The discrepancy was observed at all pH level tested, but was most pronounced at pH 8.0: 
about 95 % tyrosine residues were modified whereas only 23 mol% of 3-chlorotyrosine/mol 
tyrosine was found at a ratio of 2.8 mmol HOCl/g protein. This result may be explained by 
the fact that 3-chlorotyrosine reacts readily with HOCl to form 3,5-dichlorotyrosine in 
combination with the fact that some tyrosine residues were not efficiently chlorinated. Those 
findings were in line with the results reported by Fu et al. (2000) who showed that the yield of 
chlorinated tyrosine does not account for all the tyrosine lost. Indeed, at 750 µM HOCl the 
amounts of 3-chlorotyrosine and 3,5-dichlorotyrosine formed on bovine serum albumin were 
at 37 and 6.8 µM, respectively, whereas 58 µM tyrosine was lost.  
On the other hand, our experiments demonstrated that the impact of pH on the formation 
of 3-chlorotyrosine in proteins is somewhat more complex than the impact of pH on the 
modifications of the general protein oxidation markers. In both whey and caseins proteins, at 
oxidant/protein ratios above of 0.8 mmol hypochlorous acid/g protein, significant pH-
dependent differences were observed. Particularly, in whey proteins, it was more pronounced 
at the most acidic pH evaluated of pH 3.8. In the case of caseins, the 3-chlorotyrosine 
generation was significant higher at pH 7.4 than at pH 8.0 and 5.8. Our experiments 
demonstrated that the formation of 3-chlorotyrosine is not only favored by acidic pH 3.8 but 
also in alkaline pH of 7.4. 
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2.5 Conclusions 
One should keep into account the fact that the levels of 3-chlorotyrosine used not only 
depend on the level of HOCl used, but also on the pH and the type of protein and indeed also 
on the tyrosine content. These experiments confirmed that 3-chlorotyrosine is a potential 
qualitative indicator at least for hypochlorite induced damage in a protein. Furthermore, it is 
possible to use 3-chlorotyrosine as a quantitative indicator at the ratio below 2.8 mmol 
HOCl/g protein. We recommend a better assessment of the level of oxidative damage to 
proteins in food industries and this can be achieved by measuring both 3-chlorotyrosine and 
3,5-dichlorotyrosine. 
In the following chapters, the 3-chlorotyrosine formation in both animal and vegetable 
tissues was investigated. 
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ABSTRACT 
The chlorination of tyrosine in fish fillets as a result of hypochlorite dipping was 
investigated and the formation of 3-chlorotyrosine was proved to be reproducible (average 
RSD < 6.0%). In European plaice, 0.85% (inner portion) and 1.88% (surface) of tyrosine were 
converted to 3-chlorotyrosine after 60 min dipping in 1400 mg/L HOCl. As the dose of 
hypochlorite acid increased to 5500 mg/L, those percentages were 1.07% and 2.81%, 
respectively. Experiments on gilthead seabream showed the clear impact of dipping time and 
NaOCl concentration on the formation of 3-chlorotyrosine at the fillet surface and the levels 
of 3-chlorotyrosine reached a plateau at 700 mg HOCl/L. Increasing of dipping time from 10 
to 60 min, the 3-chlorotyrosine contents increased noticeably from about 1.40 to 4.90 µg/g in 
gilthead seabream fillets treated with 88 - 700 mg/L HOCl. 3-Chlorotyrosine formation was 
evaluated in four fish species (whiting, European plaice, gilthead seabream and Atlantic 
salmon) and proved to be species dependent, but no direct link with the fat content could be 
found. During the chilled storage (4 °C), the 3-chlorotyrosine was constant. The use of 22 mg 
HOCl/L could be detected for seabream. 
 
Keywords: 3-Chlorotyrosine; Gilthead seabream; European plaice; Sodium 
hypochlorite
  
 
Chapter 3: 3-Chlorotyrosine formation in fish 
 
77 
 
CHAPTER 3. 3-CHLOROTYROSINE FORMATION IN 
GILTHEAD SEABREAM (SPARUS AURATA) AND 
EUROPEAN PLAICE (PLEURONECTES PLATESSA) FILLETS 
TREATED WITH SODIUM HYPOCHLORITE 
3.1 Introduction 
Chlorine is widely used in fish processing for reducing microbial contamination. It is 
used especially as a hygienic processing aid rather than as a decontamination agent. The most 
common commercially available forms of chlorine are a granular or powdered form as 
Ca(OCl)₂ or a liquid form as NaOCl. The current Codex recommendations allows up to 10 
mg/L chlorine (the type is not specified) in water that comes in contact with fish and up to 100 
mg/L in water for cleaning purpose (FAO/WHO, 2000). However, in the reality, applied 
chlorine levels can be typically much higher. The concentration of chlorine based sanitizers in 
the whitefish industry is 200 mg/L; the amounts of chlorine applied are typically 200 mg/L for 
washing slaughtered salmon and 50 mg/L for immersing headless shell on shrimp 
(FAO/WHO, 2008a).  
It is obvious that as a result of the application of hypochlorite on food matrices that 
various food components will react with this oxidising agent. For instance, many studies were 
previously done studying the reactivity of hypochlorite toward proteins and amino acids 
(Chapman et al., 2003; Chen et al., 2004; Hawkins et al., 2003; Kang and Lanier, 2005; 
Nightingale et al., 2000; Pattison et al., 2007). Thus, there is one published study as well on 
the uptake of chlorine by fishery products (Johnston et al., 1983). They measured the chlorine 
incorporation into shrimp immersed in a 150 ppm solution of HO
36
Cl. Approximately 2% of 
the chlorine was incorporated into the shrimp, with 75% of this amount found in the edible 
portion.  
The use of chlorine as a sanitizer to decontaminate animal products is prohibited in the 
EU while it is allowed in the US. During the fourth round of negotiations of the EU–US 
Chapter 3: 3-Chlorotyrosine formation in fish 
 
78 
 
Transatlantic Trade and Investment Partnership (Brussels, 10–14 March 2014), the EU Green 
Party also reiterated, “We do not want chlorine chicken.” Typically, higher concentration 
levels for decontamination are necessary than those cited above for sanitising purposes. 
Despite the FAO/WHO recommendations, it cannot be excluded that chlorine is indeed 
misused by applying much higher concentrations. Using too high concentrations may also 
lead to sensorial defects. In addition, consumer acceptance toward the use of bleach in direct 
food contact is most likely not general. Thus, the detection of the use of chlorine sanitation in 
foods can be an additional quality criterion for selected products.  
For that reason, a potential indicator for chlorine use on fish fillets would be very useful. 
3-Chlorotyrosine is potentially such an indicator, which is known to be an important 
intermediate in the reactions occurring between HOCl and tyrosine as evaluated in Chapter 2 
using casein and whey proteins as a model. Therefore, its potential to serve as a good 
indicator to detect chlorine use on fish fillets was investigated in this study. European plaice 
(Pleuronectes platessa) and gilthead seabream (Sparus aurata) were used in this work as case 
examples. The former is a popular commercial flatfish, and the latter is one of the main fish 
species farmed in the Mediterranean countries.  
3.2 Materials and methodology 
3.2.1 Materials 
3.2.1.1 Chemicals 
Marine agar was obtained from Difco (Le Pont de Claix, France), Iron Agar Lyngby from 
Oxoid (Hampshire, UK) and L-cysteine from Fluka (Steinheim, Germany). Pyridine and 
trifluoroacetic acid were of analytical grade and obtained from Merck (Darmstadt, Germany). 
All other chemicals and reagents were all of analytical or HPLC grade and obtained from 
Sigma Aldrich (Bornem, Belgium) and Chemlab (Zedelgem, Belgium).  
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3.2.1.2 Fish samples  
Fresh and gutted fish was purchased from Vishandel De Vis (Ghent, Belgium) from 
March to May, transported to the laboratory in ice within 15 min. The fish were headed, 
filleted and skinned manually using a fish fillet knife. The fish fillets were then dipped in a 
solution of NaOCl (70–5500 mg HOCl/L) using a 1/10 ratio of fish sample/dipping solution, 
for 10–120 min at room temperature and drained by tissue paper. The pH of each NaOCl 
solution was adjusted to 6.0 with hydrochloric acid. The outer portions of the fish fillets were 
sliced with a food slicer (Sirman, model Perla 220 A.I., Curtarolo, Italy) and used for further 
analysis. 
3.2.2 Experimental setup 
3.2.2.1 The formation of 3-chlorotyrosine at the surface and in the inner portion 
of European plaice fillets 
The fish fillets were dipped in a solution of 5500 mg/L HOCl for 10 – 120 min and 1400 
mg/L HOCl for 30 – 60 min. The outer portions of the fish fillets were sliced with a food 
slicer to a thickness of 3mm, while the remainder was designated as the inner portion. The 
outer portions and inner portions of the fish fillets were separately ground and analysed for 
their 3-chlorotyrosine content. 
3.2.2.2 Tyrosine chlorination at the surface of gilthead seabream fillets in 
relationship with the NaOCl concentration and dipping time 
The fish fillets were dipped in a solution of 88–1400 mg/L HOCl for 10 – 60 min and 10 
– 43 mg/L HOCl for 10 min. The 3-chlorotyrosine content was determined at the fillet surface 
as described before. 
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3.2.2.3 The formation of 3-chlorotyrosine in other fishes: whiting (Merlangius 
merlangus) and Atlantic salmon (Salmo salar) 
The fish fillets of European plaice, gilthead seabream, whiting and Atlantic salmon were 
dipped in a solution of 70 mg/L HOCl for 10 min. The 3-chlorotyrosine content was 
determined at the fillet surface as described before. 
3.2.2.4 Effect of modified atmosphere packaging (MAP) on the stability of 3-
chlorotyrosine and the shelf-life of gilthead seabream (S. aurata) fillets 
The control fillets were untreated while the others were treated with a solution of 70 
mg/L HOCl for 10 min. Fish fillets were packaged under a modified atmosphere (40% CO₂, 
40% O₂ and 20% N₂) in trays using a Tray sealer MECA 900 (DecaTechnic, Herentals, 
Belgium). Multilayer high barrier packaging materials were used as follows: PP/EVOH/PP 
trays (DECA Pac, Herentals, Belgium) and OPA/EVOH/PE/PP toppings (BEMIS Packaging 
Benelux, Monceau-sur-Sambre, Belgium) with an oxygen transmission rate of 0.5–13 
cm³/m²*d*bar at 23 °C, 0% RH and 5 cm³/m²*d*bar at 23 °C, 50% RH. The packaged fish 
samples were immediately stored in a refrigerator set at 4.0 ± 0.7 °C. Sampling was carried 
out for sensory evaluation, pH determination, microbiological analysis and 3-chlorotyrosine 
content measurement after 0, 5, 8, 11, 13 and 15 days. 3-Chlorotyrosine analysis was done on 
the outer portions of the treated fish fillets only.   
3.2.3 Determination of 3-chlorotyrosine 
The internal standard 3-[
13
C₆] chlorotyrosine was obtained by chlorinating L-[13C6] 
tyrosine with NaOCl and purifying via reverse-phase HPLC (Thermo Electron Corporation, 
Waltham, MA, USA), with monitoring of the absorbance at 276 nm (Hazen, Crowley, 
Mueller, & Heinecke, 1997). Then, the outer portions and inner portions (only for European 
plaice) of the fish fillets were ground and analysed for 3-chlorotyrosine content as described 
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in Chapter 2 (section 2.2.8). Typically, about 1 g of tissue was hydrolyzed with 2 ml of 12N 
hydrochloric acid. The hydrolysate was further treated as described in Chapter 2 (section 
2.2.8). The matrix effect on the recovery of the analytes was evaluated by comparing the 
slopes of the calibration curves with those of the addition curves. No statistical significant 
difference between the calibration and addition curve was detected (p>0.05) indicating no 
matrix effect. Validation experiments showed that the optimized method presented good 
linearity (R² > 0.997) in a range from 0 – 72 μg 3-chlorotyrosine/g sample, satisfactory 
precision (CV <4.2%), and high internal standard corrected recovery (96–110%). The LOD 
proved to amount 0.21 μg 3-chlorotyrosine/g sample and the LOQ was 0.43 μg 3-
chlorotyrosine/g sample. 
3.2.4 Microbiological analysis 
From each sample, 10 g was aseptically placed in a sterile stomacher bag and diluted 10 
times in sterile peptone physiological saline (PPS) solution (0.85% NaCl, 0.1% peptone). 
After homogenisation for 1 min in a Stomacher 400 Lab Blender (LED Techno, Heusden-
Zolder, Belgium), decimal dilutions of the homogenate were made in PPS. The total viable 
psychrotrophic count was determined on Marine agar by spread plating. H₂S-producing 
bacteria were enumerated on Iron Agar Lyngby supplemented with L-cysteine in accordance 
with the manufacturer’s preparation instructions. Incubation of these plates took 4 days at 22 
°C. Microbiological data were expressed into logarithms of the number of colony forming 
units per gram of fillet (log CFU/g). 
3.2.5 pH determination 
pH was measured with a pH-electrode (InLab®427, Mettler Toledo GmbH, 
Schwerzenbach, Switzerland) connected to a pH meter (SevenEasy, Mettler Toledo GmbH). 
The product temperature during pH measurements was 4.0 ± 2.0 °C. 
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3.2.6 Sensory analysis: cooked flavour acceptance 
Maximum 2 minutes after taking samples for microbiological and chemical analysis, the 
remaining fish from each tray was placed in Pyrex containers and cooked for 4 min in a 
microwave oven at 600 W. After cooking, the lids of the containers were removed and the 
samples were left to cool for 5 min, after which the samples were evaluated by the panellists. 
Flavour acceptance was given by 6 panellists (fish eaters). A set of 3 fish samples for each 
untreated and NaOCl-treated fish fillets, which were stored in the same conditions, were 
presented to panellists. The panellists were asked to specify the samples they preferred 
(accept) and if any of the samples were unacceptable for consumption (reject). When >50% of 
the panel rejected the sample, the sample was considered to have exceeded the shelf- life. This 
percentage means that if a consumer tries the product at the end of its shelf- life, there is a 
50% probability that she/he will dislike it (Noseda et al., 2012). 
3.2.7 Statistical analysis 
All treatments were performed in triplicate and statistical analysis carried out with SPSS 
Statistics package version 22 (IBM, SPSS, Inc.). The Shapiro–Wilk test was used to verify the 
normality, the Levene’s test was confirmed heteroscedasticity of the data distribution. 
Statistical comparisons between groups were then made using ANOVA, followed by Tukey 
post hoc test with significance level of p < 0.05. A paired sample t-test was carried out to test 
the significant difference between the two means of treatments with p < 0.05 was accepted as 
significant. 
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3.3 Results and discussion 
3.3.1 The formation of 3-chlorotyrosine at the surface and in the inner 
portion of European plaice (P. platessa) fillets as function of dipping time 
and NaOCl concentration 
Table 3-1 presents the 3-chlorotyrosine contents at the surface and in the inner portion of 
the European plaice at the two NaOCl concentrations evaluated, for various dipping times. 
The highest hypochlorite concentration selected was based on a preliminary experiment 
reported by Kerkaert  (2012), showing that 3-chlorotyrosine in dairy protein solutions was the 
highest (100 mM). Realising that this concentration is not likely to be used in practice but still 
being unaware of the specific detection capabilities of the analytical technique in terms of the 
NaOCl concentration applied, a considerably lower concentration was included as well (1400 
mg HOCl/L). 3-Chlorotyrosine content was higher at the surface than at the inner portions of 
fish fillets and increased with increasing dipping time and HOCl concentration. These results 
indicated that monitoring 3-chlorotyrosine at surface seems a better approach to detect 
tyrosine chlorination than analysing the whole fillet. 
From the 3-chlorotyrosine contents, it is evident that tyrosine residues on the surface of 
the fish fillets reacted readily with HOCl even when the fillets were dipped for only 10 min in 
the sanitising solution. Only 0.85% (inner portion) and 1.88% (surface) of tyrosine converted 
to 3-chlorotyrosine after 60 min dipping in 1400 mg/L HOCl. As the dose of hypochlorite 
acid increased to 5500 mg HOCl/L (100 mM), those percentages increased to 1.07% and 
2.81%. A clear impact of NaOCl concentration on 3-chlorotyrosine formation was thus 
shown. It should be noted that despite for each analysis, three independent dipping 
experiments were performed, the variability was considerably low. As can be seen from Table 
3-1, the relative standard deviation (RSD) ranged from 0.01 to 0.17, and it had higher values 
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at the inner portions (average RSD=0.10) than at the surface of fish fillets (average RSD= 
0.02). 0-min samples were analysed, no 3-chlorotyrosine could be detected (below LOD of 
0.21 μg/g), indicating that artifactual generation was negligible. 
 
Table 3-1. The formation of 3-chlorotyrosine at the surface and inner portions of 
the European Plaice (Pleuronectes platessa) fillets as function of the NaOCl 
concentration and dipping time. Results are expressed in µg 3-chlorotyrosine/g sample.  
 
Dipping 
time, min 
3-chlorotyrosine at 5500 mg/L HOCl 3-chlorotyrosine at 1400 mg/L HOCl 
Inner Surface Inner Surface 
0 < 0.21 < 0.21 < 0.21 < 0.21 
10 4.49± 0.66
a
 9.93± 0.34
a
 ND ND 
20 5.24± 0.75
a
 10.64± 0.79
a
 ND ND 
30 6.14± 1.07
a
 12.53± 0.15
b
 1.62± 0.27
a
 5.58± 0.16
a
 
45 6.58± 0.66
a
 15.29± 0.34
cd
 4.42± 0.51
b
 8.13± 0.30
b
 
60 6.41± 0.34
a
 17.86± 0.10
d
 5.42± 0.23
c
 11.95± 0.13
c
 
90 6.96± 0.04
a
 16.90± 0.14
d
 ND ND 
120 6.07± 0.04
a
 18.15± 0.19
d
 ND ND 
 
Results are expressed as mean ± standard deviation of three independent experiments. 
Different superscript letters within the same column denoted the significant different (p < 
0.05). Values of “less than” indicate the limit of detection. ND not determined.  
3.3.2 Tyrosine chlorination at the surface of gilthead seabream (S. aurata) 
fillets in relationship with the NaOCl concentration and dipping time 
As the 3-chlorotyrosine formation seemed to occur mostly at the fillets surface, it was 
decided to analyse only the upper surface of the fillets for the further experiments. In a second 
series of experiments, another type of fish was evaluated together with lower and more 
realistic hypochlorite concentrations from 88 to 1400 mg/L HOCl. 
At the same treatment conditions as for the European plaice (1400 mg HOCl/L, dipping 
30 and 60 min), it is apparent from Fig. 3-1 and Table 3-1 that much less 3-chlorotyrosine 
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was found in gilthead seabream than in European plaice, especially at 60 min. In seabream, 
the time impact on 3-chlorotyrosine formation in general was lower compared to plaice, and 
the content even decreased at the highest NaOCl concentration evaluated. Thus, the levels of 
3-chlorotyrosine in gilthead seabream reached a plateau at 700 mg HOCl/L as it is probably 
further converted to 3,5-dichlorotyrosine (Curtis et al., 2011; Fu et al., 2000). As a different 
type of fish generated other levels of 3-chlorotyrosine, it seems difficult to link the 3-
chlorotyrosine concentration to the actual HOCl concentration used. 
 
Figure 3-1. Chlorotyrosine at the surface of Gilthead Seabream (Sparus aurata) fillets in 
relationships with dipping time and HOCl concentration: 88 mg/L, 176 mg/L, 350 mg/L, 
700 mg/L, 1400 mg/L. The data points represent mean values ± standard deviation of 
three independent experiments.    
 
Similar as for the European plaice, a HOCl concentration-dependent 3-chlorotyrosine 
formation was observed. Increasing of dipping time from 10 to 60 min, the 3-chlorotyrosine 
contents increased from 1.40 to 4.90 µg/g in fish fillets treated with 88–700 mg/L HOCl. For 
this type of fish, the 3-chlorotyrosine formation in treated fish at HOCl concentration as low 
as Codex recommendation was monitored; however, the results were below the method's 
LOD. At higher HOCl concentrations (22 and 44 mg/L), 3-chlorotyrosine contents were 1.02 
± 0.60 and 1.10 ± 0.09 µg/g, respectively. Thus, for seabream, the method allowed to detect 
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the use of 22 mg HOCl/L. Again, in this experiment, a low variability (average RSD = 0.05, 
maximum RSD = 0.22) was noticed. 
3.3.3 The formation of 3-chlorotyrosine in other fishes: whiting (M. 
merlangus) and Atlantic salmon (S. salar) 
As it seemed from the previous experiment that the type of fish fillet had an impact on the 
HOCl induced 3-chlorotyrosine formation, its formation was studied for four fishes at 70 mg 
HOCl/L for 10 min. The fishes were selected on the basis of their reported lipid content, and it 
should be noted that their reported tyrosine content is comparable: European plaice (1.93 g 
lipid and 636 mg tyrosine/100 g fish), gilthead seabream (7.0 g and 620 mg), whiting (1.31 g 
and 652 mg) and Atlantic salmon (13.4 g and 670 mg) (US Department of Agriculture, 2014). 
For European plaice and gilthead seabream, the 3-chlorotyrosine content measured in the 
3 mm upper surface amounted to 1.37 ± 0.16 and 1.35 ± 0.04 µg/g, respectively, and were not 
significant different (p > 0.05), despite the considerably higher fat content of the latter. At the 
higher HOCl concentrations used in the previous experiments, the formation of 3-
chlorotyrosine after a 30 min dipping treatment at 1400 mg/L was similar as well: 5.58 ± 0.16 
µg/g for the European plaice and 4.68 ± 0.21 µg/g for the gilthead seabream. At a dipping 
time of 60 min, however, 3-chlorotyrosine formation proved to be different: in European 
plaice, considerably more 3-chlorotyrosine (11.95 ± 0.13 µg/g vs. 4.37 ± 0.05 µg/g) was 
produced compared to gilthead seabream. No clear explanation can be given for this 
discrepancy. In whiting more 3-chlorotyrosine (2.30 ± 0.08 µg/g) was produced, while salmon 
proved lesser sensitive for 3-chlorotyrosine formation (1.73 ± 0.33 µg/g) in these conditions 
(70 mg HOCl/L, 10 min). It is obvious that no direct link between the fat content and the final 
3-chlorotyrosine content could be found, despite the fact that Shao et al. (2005) reported a 
reduced susceptibility of tyrosine to chlorination in a more hydrophobic environment around 
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the tyrosine residues. It should be stressed that 3-chlorotyrosine is an intermediate within the 
reaction cascade initiated by the interaction of HOCl with tyrosine. Unfortunately, attempts to 
co-monitor dichlorotyrosine using the analytical approach failed. By no doubt, in order to 
better understand these observations, a more complete monitoring of the reaction cascade is 
absolutely necessary. This went beyond the goal of this work however. 
3.3.4 Effect of MAP and NaOCl treatment on the stability of 3-
chlorotyrosine and shelf-life of gilthead seabream (S. aurata) fillets 
 
Figure 3-2. The stability of 3-chlorotyrosine stored under a modified atmosphere (40% 
CO2, 40% O2, 20% N2) at 4 °C of Gilthead Seabream (Sparus aurata) fillets (treated with 
70 mg HOCl /L, dipping time 10 minutes).The data points represent mean values ± 
standard deviation of three independent experiments.     
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Figure 3-3. Changes in pH values on untreated (   ) and treated (    ) Gilthead Seabream 
(Sparus aurata) fillets (with 70 mg HOCl /L, dipping time 10 minutes) stored under a 
modified atmosphere (40% CO2, 40% O2, 20% N2) at 4 °C. The data points represent 
mean values ± standard deviation of three independent experiments.     
 
In the last set of experiment, the stability of the potential indicator considered was 
followed throughout MAP storage of gilthead seabream fillets (70mg HOCl/L, 10 min). 
Similar to previous sections, the control fillets were untreated and the amount of 3-
chlorotyrosine was below the LOD of 0.21 μg/g. Fig. 3-2 shows the slightly statistically 
significant increase (p < 0.05) of 3-chlorotyrosine from 1.36 ± to 1.65 µg/g in gilthead 
seabream fillets treated with NaOCl during 15 days storage under a modified atmosphere at 4 
°C. A significant difference (p < 0.05) compared to day 0 was observed after 11 days of 
storage. Although a significant difference was observed, again it should be noted that the 
variability on the 3-chlorotyrosine concentrations found were very low, despite three 
independent experiments were performed. It is clear, however, that the absolute differences in 
3-chlorotyrosine content in the samples taken over time are relatively small in view of the 
impact of the other parameters on the 3-chlorotyrosine formation (dipping time, HOCl 
concentration). From a practical point of view, it can be concluded that during MAP storage 
3-chlorotyrosine content was constant. In Fig. 3-3, the changes in pH during MAP storage of 
the fish are presented. The initial pHs of treated and untreated samples were 6.16 ± 0.01 and 
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6.15 ± 0.01, which agreed with the values reported for this species (Goulas and Kontominas, 
2007). Thereafter, a slight decrease of about 0.25 was observed in all cases until day 8 due to 
dissolving of CO₂ in the muscle of fish fillets. After this, the pH values were more constant in 
treated fillets. After 11 days of storage, the pH of the untreated (control) samples increased 
and reached a value of 6.03 ± 0.02 on day 15. The observed increase of the pH in the 
untreated samples may be attributed to the formation of ammonia, trimethylamine and other 
biogenic amines by fish spoilage bacteria (Ghaly et al., 2010; Goulas and Kontominas, 2007). 
In Fig. 3-4 (a, b), the growth curves of the microorganisms during storage at 4 °C are 
shown. The initial average microbial counts were rather low: <1 log CFU/g for H2S-
producing bacteria and 5.0 ± 0.13 (treated fish) and 5.3 ± 0.10 (untreated fish) for 
psychrotrophic bacteria. This indicated that the initial quality of fish was good, and all the fish 
handling was done correctly. After 5 days of storage, the bacterial population trended to 
increase both in the untreated and treated fish. In general, however, the bacterial load of 
treated fish was significantly lower than that of untreated samples. For the untreated fish, 
H2S-producing bacteria reached 8.0 log CFU/g and psychrotrophic bacteria reached 8.2 log 
CFU/g after only 5 days. Both those bacterial counts in treated fish exceeded the limit of 7 log 
CFU/g after day 8. This limit is considered as the maximum level for acceptability for raw 
fish and shellfish (Stannard, 1997). Based on microbiological parameters, the shelf- life of 
gilthead seabream fillets was estimated to be less than 5 and 9 days for untreated and treated 
samples, respectively. These results confirm the fact that NaOCl treatment retards the 
spoilage process for fish. Similarly, Drosinos et al. (Drosinos et al., 1997; Drosinos and 
Nychas, 1997) reported the total viable count in (untreated) gilthead seabream fillets which 
was stored under MAP (40% CO2, 30% O2, 30% N2) at 0 ± 1 °C was 6.7 log CFU/g after 12 
days. It may be due to lower initial counts (4 log CFU/g) and lower stored temperature. 
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Figure 3-4. Development of (a) H2S producing bacteria and (b) psychrotrophic bacteria 
on untreated (  ) and treated (    ) Gilthead Seabream (Sparus aurata) fillets (with 70 mg 
HOCl /L, dipping time 10 minutes) stored under a modified atmosphere (40% CO2, 40% 
O2, 20% N2) at 4° C. The data points represent mean values ± standard deviation of 
three independent experiments.     
 
According to the sensorial evaluation of cooked flavor acceptance, untreated fish was of 
unacceptable quality on day 13 (83 % rejection to consume) whereas treated samples were 
sensorially rejected after 15 days (67 % rejection to consume). This proved the ability of 
NaOCl to prolong the shelf- life of fish sample. The shelf- life of untreated gilthead sea bream 
fillets matched those observed in earlier studies (Mendes and Goncalves, 2008). 
3.4 Conclusions 
Based on our study, it can be concluded that 3-chlorotyrosine is a potential marker to 
detect the use of chlorine disinfectants in fish fillets. 
In the next chapter, the formation and occurrence of 3-chlorotyrosine in ready-to-eat 
vegetables was studied. In addition, the dietary exposure via ready-to-eat vegetable 
consumption for Belgian and Spanish populations, exemplifying Northern European lower 
ready-to-eat vegetable consumption and Mediterranean higher consumption patterns, was 
estimated. 
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ABSTRACT 
Washing of iceberg lettuce with HOCl solutions in concentrations ranging from 1.41 to 
141 mg/L resulted in 0.69 to 2.05 µg 3-chlorotyrosine/g vegetable. As also six commercial 
ready-to-eat iceberg lettuces from different producers contained 3-chlorotyrosine from 1.00 to 
2.24 µg/g vegetable, a total of 122 ready-to-eat vegetable samples purchased in Belgian 
supermarkets were further screened for their 3-chlorotyrosine content. 3-Chlorotyrosine was 
detected above the detection limit (0.19 μg/g sample) in 97, 24 and 14% of the lettuce mixes, 
vegetable mixes and frozen vegetables, respectively. In combination with consumption data of 
ready-to-eat vegetables by Belgian and Spanish consumers, a quantitative exposure 
assessment was performed, exemplifying a lower and higher ready-to-eat vegetables 
consuming population. Exposure to 3-chlorotyrosine from the frozen vegetables and vegetable 
mixes was lower compared to the lettuce mixes due to the combination of lower 
contamination and lower consumption. 3-Chlorotyrosine exposure via lettuce mixes could be 
considered as a public health concern, especially in higher consuming populations represented 
by the Spanish population, with 17% of consumers (> 4.2 million people) and 8.5% of the 
total population (> 2,6 million people) exceeding the threshold of toxicological concern. 
 
Keywords: 3-Chlorotyrosine; Ready-to-eat vegetables; Risk assessment; Chlorine; 
Hypochlorite; Disinfection by-products. 
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CHAPTER 4. 3-CHLOROTYROSINE FORMATION IN 
READY-TO-EAT VEGETABLES DUE TO 
HYPOCHLORITE TREATMENT AND ITS DIETARY 
EXPOSURE AND RISK ASSESSMENT 
4.1 Introduction 
In recent years, consumption of ready-to-eat vegetables has continuously increased in 
Europe and the US as a result of consumer demand for fresh, healthy, convenient and easy-to-
prepare foods (Ulrike et al., 2016; Weng et al., 2016). Some of the microbial pathogens 
associated with vegetables include Salmonella  spp., Escherichia coli, Listeria 
monocytogenes, Shigella spp. and Norovirus (FAO/WHO, 2008b). The 2011 WHO-
Guidelines established a guideline value of ≥0.5 mg/L up to 5 mg/L of free chlorine 
(HOCl/OClˉ, after at least 30 min contact time at pH < 8.0) for effective disinfection of water 
(WHO, 2011). In order to reduce microbial contamination on vegetables, chlorine can be 
added to wash water as a decontamination agent. When the bacterial load of food is to be 
reduced during washing, higher concentrations are needed because chlorine is reacting with 
the organic material, thus lowering the actual concentrations present (Van Haute et al., 2013). 
Chlorine solutions (50‒200 mg HOCl/L, pH < 8) prepared from NaOCl are the most used 
decontamination agent for washing RTE vegetable, due to their competitive prices, as well as 
easy application and efficiency, with a typical reduction of <2 logs CFU/g of the bacterial 
load present on vegetables (Gómez-López, 2012; Van Haute et al., 2013). 
However, there is a concern about the environmental and human health risks associated 
with the possible formation of DBPs, including trihalomethanes (THMs) and haloacetic acids 
(HAAs) from chlorine when applied on foods or water in contact with foods, due to 
interaction of chlorine with organic material. Although those two major groups of 
carbonaceous DBPs were intensively studied during water treatment, their interactions with 
food matrices were much less investigated (Cardador and Gallego, 2012; FAO/WHO, 2008a; 
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McDonnell and Russell, 1999). Several studies determined the THMs formation when 
vegetables were washed in chlorinated water, such as fresh-cut butterhead lettuce (up to 50 
mg/L HOCl), baby spinach leaf (2‒4 mg/L HOCl), carrot (200 mg/L HOCl) (Gómez-López, 
2012; Klaiber et al., 2005; Van Haute et al., 2013). These researchers collectively suggested 
that under those experimental conditions, chlorine sanitizers would not cause any risk of 
disinfection by-products because THMs formation was negligible. Nevertheless, partially 
because of the possible generation of DBPs, the use of chlorine, as a decontamination agent in 
RTE vegetable washing, is prohibited in some European countries such as Germany, 
Switzerland, the Netherlands, Denmark and Belgium (non-exhaustive list). In those countries, 
chlorine can only be applied in low concentrations to disinfect the wash water (up to 0.25 
mg/L HOCl) but not to decontaminate vegetables (Artes et al., 2009; Rico et al., 2007). In 
Spain however, chlorine use is allowed during the RTE vegetable washing process up to 
(industrial) the recommended concentration amounting 100 mg/L HOCl (pH 6.5, 1 min) 
(Allende et al., 2008), while the national guideline is 50 mg/L HOCl.  
It is described that 3-chlorotyrosine is formed when HOCl reacts with tyrosine residues in 
proteins (Domigan et al., 1995; Kettle, 1996). Moreover, it is known that myeloperoxidase, 
present in neutrophils, catalyses the formation of HOCl from the Clˉ ion and H2O2. Thus 
HOCl converts tyrosine in both the free and bound forms into chlorinated tyrosine, also in 
physiological conditions. Thus 3-chlorotyrosine serves as a useful biomarker of protein 
damage by myeloperoxidase and has been observed in a variety of pathological processes 
such as atherosclerosis, glomerulonephritis, cystic fibrosis, rheumatoid arthritis, asthma, and 
Alzheimer’s disease (Bergt et al., 2004; Buss et al., 2003; Dalle-Donne et al., 2006; Davies et 
al., 1999; Robaszkiewicz et al., 2011). 
The potential use of 3-chlorotyrosine as an indicator for the treatment of fish fillets with 
hypochlorite has been shown in Chapter 3. It should be emphasized that this was the first 
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study to introduce a potential marker to detect the use of chlorine disinfectants in foods. 
Accordingly, the present study aimed to extend the previous work by studying the formation 
(based on lab simulations of the washing process) and occurrence of 3-chlorotyrosine in RTE 
vegetables (based on a screening of commercially RTE vegetables, cold and frozen on the 
Belgian market). In addition, the dietary exposure via RTE vegetable consumption for Belgian 
and Spanish populations, exemplifying Northern European lower RTE vegetable consumption 
and Mediterranean higher consumption patterns, was estimated. An evaluation of the potential 
risk was performed, comparing the calculated exposures with the threshold of toxicological 
concern (TTC). 
4.2 Materials and methodology 
4.2.1 Chemicals 
Pyridine and trifluoroacetic acid were of analytical grade and obtained from Merck 
(Darmstadt, Germany). All other chemicals and reagents were of analytical or HPLC grade 
and obtained from Sigma Aldrich (Bornem, Belgium) and Chemlab (Zedelgem, Belgium).  
4.2.2 NaOCl treatments of iceberg lettuce 
The concentration of stock NaOCl solution was determined by an iodometric titration, 
and then the appropriate working solutions (1.41 to 141 mg HOCl/L) were made. The pH of 
each NaOCl solution was adjusted to 6.00 with hydrochloric acid. Iceberg lettuce (Lactuca 
sativa var. capitata L.) was purchased from a local supermarket (Delhaize, Ghent, Belgium). 
Both the outer leaves and the inner core were removed, and the vegetable was cut in 1 cm 
shreds by a sharp knife. A 100 g of cut iceberg lettuce was immersed in 1 L of NaOCl 
solution at room temperature and shaken at 150 rpm for 5 min on an orbital shaker (Ika, 
Staufen, Germany). Afterwards, the lettuce was rinsed in tap water for 1 min and centrifuged 
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for 1 min in a manual kitchen centrifuge (Zyliss, Bern, Switzerland). For each NaOCl 
treatment point, three independent experiments were conducted. 
4.2.3 Sampling plan for ready-to-eat vegetables 
A total of 122 vegetable samples were purchased between June 2014 and November 2014 
and analysed immediately after sample collection. RTE vegetables were divided into three 
groups, including frozen vegetable, fresh vegetable mix and fresh lettuce mix. The samples 
including brand named and private label products, were purchased from five supermarket 
chains located in Ghent, Belgium and were analysed on the day of purchase.  
4.2.4 Determination of total 3-chlorotyrosine 
The internal standard 3-[
13
C6] chlorotyrosine was obtained by chlorinating L-[
13
C6] 
tyrosine with NaOCl and purifying via reverse-phase HPLC (Thermo Electron Corporation, 
Waltham, MA, USA), with monitoring of the absorbance at 276 nm (Hazen et al., 1997). 
Then, the total 3-chlorotyrosine of ground vegetable was analysed by a stable isotope assay 
using Agilent 5975 GC/MSD (Agilent Technologies, Germany) as described in section 2.2.8. 
Typically for the samples analysed, 2 g of homogenized sample was taken and treated with 2 
ml 12N hydrochloric acid. The hydrolysate was further treated as described earlier. Validation 
experiments showed that the optimized method presented good linearity (R² > 0.997) in a 
range from 0–72 µg 3-chlorotyrosine/g sample, satisfactory precision (CV < 4.2%), and high 
internal standard corrected recovery (96–110%). The LOD proved to amount 0.19 μg 3-
chlorotyrosine/g sample and the LOQ was 0.38 μg 3-chlorotyrosine/g sample. 
4.2.5 Consumption data 
Fresh vegetable consumption data were obtained from the survey conducted from 2010 to 
2011 in two European countries, Belgium and Spain (Jacxsens et al., 2015). These two 
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countries represent Northern versus Southern Europe and have two distinct eating cultures. 
Daily intake was collected from 556 respondents for Spain and 1522 for Belgium, aged 
between 18 and 65 years. The usual or daily intake of each fresh vegetable (prepackaged 
lettuce mix and prepackaged vegetable mix) consumed per day (expressed as g 
consumed/day) was calculated for each respondent by multiplying the frequency of 
consumption with the portion size of that commodity. The outcome was divided with the 
reported average body weight (BW) of 60 kg (Jacxsens et al., 2015). The consumption dataset 
(g ready-to-eat vegetables/kg BW/day) from this study was applied for the further exposure 
calculations of RTE vegetable mix and RTE lettuce mix. 
4.2.6 Exposure assessment 
Three different scenarios (lower, medium and upper bound) were included for the 3-
chlorotyrosine dietary exposure assessment in relation to the data treatment of the non-detects 
(<LOD). Non-detects were considered as zero, ½ LOD and LOD for lower, medium and 
upper bound scenarios, respectively (Vinci et al., 2012). For the exposure assessment, 
vegetables were divided into two groups including fresh RTE vegetable mix and fresh RTE 
lettuce mix. Because of the low content of 3-chlorotyrosine in the frozen vegetable, the 
exposure assessment was not carried out for this vegetable category. Also, the interpretation 
of the exposure results of the Spanish population cannot exemplify the real situation in Spain, 
because the contamination data of the Belgian RTE vegetables are combined with Spanish 
consumption data. As no screening was performed of Spanish vegetables, these calculations 
were, however, included here to compare a higher consumption modus.  
  
Chapter 4: 3-Chlorotyrosine formation in vegetable 
 
102 
 
4.2.7 Deterministic exposure assessment 
As a first step to assess the dietary exposure of the consumers to 3-chlorotyrosine, a 
deterministic analysis was performed. The estimated intakes were determined by multiplying 
the fixed mean 3-chlorotyrosine concentration in the two vegetable categories by the mean, 
maximum and the percentiles (P 95, P 97.5 and P 99) of the corresponding consumption data 
for low RTE consumers (exemplified by Belgium consumers) and high RTE consumers 
(exemplified by Spanish consumers) respectively. The extreme values in daily consumption 
of the lettuce mix by the high consuming populations (exemplified by the Spanish 
populations) were replaced in the data set by a maximum reported portion of the Belgian 
national consumption (low consuming populations) survey (Jacxsens et al., 2015). 
As this deterministic exposure calculation might tend to overestimate or underestimate, 
an additional probabilistic analysis was applied in order to allow a more detailed exposure 
assessment (De Boevre et al., 2013; Papastergiadis et al., 2014a). 
4.2.8 Probabilistic exposure assessment 
Both the distribution of the 3-chlorotyrosine concentrations > LOD and the vegetable 
consumption of the consumers were selected via @Risk software (@Risk version 7.0.0, 
Palisade, USA) for the three scenarios lower, medium and upper bound. Best fit selection for 
attributed distributions was based on Chi-square statistics, probability/probability and 
quantile/quantile plots. To introduce the concentration data < LOD and non-consumers in the 
probabilistic calculations, an “if” logical function of the MS Excel for the lower, medium and 
upper bound, respectively (Vinci et al., 2012; Yogendrarajah et al., 2014) was inserted to 
overcome a distribution fitting problem. Therefore, the fractions of contamination data below 
LOD were calculated by dividing number of the samples below LOD to the total of samples 
(2/59 for lettuce mix and 32/42 for vegetable mix). Similarly, the fractions of non-consumers 
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were calculated by dividing number of non-consumers to the respondents (in Spain: 106/556 
for lettuce mix and 126/556 for vegetable mix; in Belgium: 426/1522 for lettuce mix and 
793/1522 for vegetable mix). First order Monte Carlo simulations were performed 
considering 10,000 iterations and were repeated three times for each data input in order to 
obtain stable output results. The probable dietary intake of 3-chlorotyrosine (minimum, 
maximum, mean, standard deviation (SD) and the percentiles) through the consumption of 
fresh vegetable mix and fresh lettuce mix were determined in both countries. Distribution 
fitting and simulations were performed with add-in @Risk for Microsoft Excel.  
4.2.9 Threshold of toxicological concern (TTC) 
Because toxicological data for 3-chlorotyrosine are not available, the TTC can be used 
for assessing its risk. The TTC concept is a risk assessment tool for substances with a known 
chemical structure present at low oral exposure and for which hazard data are lacking (Kroes 
et al., 2002; Kroes et al., 2004; Leeman et al., 2014). According to the Cramer decision tree 
(Cramer et al., 1978), chemicals are classified into three classes and TTC values are 1.5, 9 and 
30 µg/kg bodyweight/day for Cramer class III, II and I substances, respectively. 3-
Chlorotyrosine, an organohalogen compound, was classified in class III “Substances with 
chemical structures that permit no strong initial presumption of safety or may even suggest 
significant toxicity or have reactive functional groups” (software Toxtree, version 2.6.6; 
(Leeman et al., 2014)). The Belgian and Spanish populations of 7,363,016 and 31,068,269, 
respectively, in the age range between 15 and 64 were applied to estimate the population 
between 18 and 65 age (European Commission, 2015). Then, the numbers of the vegetable 
consumers and total population (consumers and non-consumers) which exceeded the TTC 
were calculated based on the corresponding national populations, the fraction of consumers 
and the percentage of population exceeded the TTC. 
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4.2.10 Statistical analysis 
All 3-chlorotyrosine determinations were performed in triplicate and statistical analysis 
of iceberg lettuce experiments carried out with SPSS Statistics package version 22 (IBM, 
SPSS, Inc.). The Shapiro-Wilk test was used to verify the normality, the Levene’s test was 
confirmed heteroscedasticity of the data distribution. Statistical comparisons between groups 
were then made using ANOVA, followed by Tukey post hoc test with significance level of p 
< 0.05. 
4.3 Results and discussion 
4.3.1 3-Chlorotyrosine in iceberg lettuce treated with NaOCl based on 
laboratory simulations 
The 3-chlorotyrosine contents of iceberg lettuce treated with washing water at different 
HOCl concentrations (1.41 to 141 mg/L for 5 min), as a simulation of an industrial washing 
process, are presented in Fig. 4-1. It should be stressed that the reported concentrations refer 
to treated lettuce which was rinsed with potable water after the HOCl treatment. The higher 
range of HOCl concentrations selected (from 21 to 141 mg/L) covered the commonly applied 
chlorine concentrations in RTE washing processes (Gil et al., 2009) to reduce the microbial 
load of the vegetables (so-called “decontamination”). Meanwhile, the lower range evaluated 
(from 1.41 to 7 mg/L) was based on the use of chlorine as a technological aid as reported by 
(Holvoet et al., 2012), showing that chlorine concentrations of 3.5 to 7 mg/L HOCl were 
applied to disinfect borehole water by a fresh-cut processing company in Belgium and also in 
line with recommended WHO guidelines to disinfect water (WHO 2011). These lower 
concentrations are applied to disinfect the wash water and not the vegetables and are so-called 
“disinfection” concentrations.  
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* The levels of 3-chlorotyrosine at 0 mg HOCl/g protein were below the LOD of 0.19 µg/g 
vegetable. 
Figure 4-1. The concentration of 3-chlorotyrosine (µg/g vegetable) in shredded 
iceberg lettuce treated with HOCl containing water at various concentrations, 
simulating an industrial wash process. Samples were washed with water after the HOCl 
treatment. The data points represent mean values ± standard deviation of three 
independent determinations. 
 
A HOCl concentration-dependent 3-chlorotyrosine formation was observed, especially in 
the lower range of evaluated HOCl concentrations. Tyrosine residues of fresh-cut iceberg 
lettuce reacted readily with HOCl even when the vegetables were treated by only 1.41 mg 
HOCl/L for 5 min. Thus, for iceberg lettuce, the analytical method allowed to detect the use 
hypochlorite in the washing water at a concentration of as low as 1.41 mg HOCl/L. 
Previously, we were only able to demonstrate hypochlorite induced 3-chlorotyrosine 
formation in gilthead seabream at a concentrations of 22 mg HOCl/L (Chapter 3). The 
percentages of tyrosine converted to 3-chlorotyrosine increased from 0.98% to 2.93% in 
lettuce treated with 1.41 up to 141 mg/L HOCl. A significant difference in 3-chlorotyrosine 
content was observed at all evaluated oxidant concentrations, except for the cases of 7 vs 21 
mg/L and 42 vs 70 mg/L. For the control treatment (0 mg HOCl/L), no 3-chlorotyrosine could 
be detected (below LOD of 0.19 µg/g), indicating that artifactual generation was negligible. 
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It is obvious that 3-chlorotyrosine was produced more readily in vegetable than in fish 
samples (Chapter 3). It seems possible that HOCl is penetrating the vegetable tissue better in 
comparison to the fish. Another possible explanation is the larger contact surface of cut 
vegetables (in comparison with the whole fish fillets), so more adsorption in the vegetable 
tissue can be expected. It should be noted however, that only a limited amount of the available 
tyrosine was converted, while previously we demonstrated that in protein solutions up to 50% 
of the available tyrosine could be converted to 3-chlorotyrosine (Chapter 2). 
Chapman et al. (2000) observed that apart from 3-chlorotyrosine also 3,5-
dichlorotyrosine was formed when albumin was treated with HOCl. Similarly, we observed 
that 3-chlorotyrosine reached a maximum level at 2.8 mmol HOCl/g protein if whey or casein 
proteins were treated with the same oxidant suggesting that at higher HOCl levels, the 
formation of 3,5-dichlorotyrosine and eventually also additional oxidation products such as 
phenyl acetaldehyde predominated the formation of 3-chlorotyrosine (Chapter 2). 
Unfortunately, attempts to determine 3,5-dichlorotyrosine with the analytical approach 
applied were not successful, so this additional reaction product could not be monitored.    
We previously demonstrated that the 3-chlorotyrosine formation in protein solutions was 
pH dependent, being more pronounced at pH 3.8 and 7.4 (Chapter 2). In view of the typical 
pH of fresh vegetable (from >4.0 up to <7.0; http://www.pickyourown.org/ph_of_foods.htm), 
it is interesting to note that these pH ranges tend to coincide.  
4.3.2 Occurrence of 3-chlorotyrosine in RTE vegetables from the Belgian 
market 
As it was shown that even a small amount of hypochlorite in the washing water can 
generate relevant concentrations of 3-chlorotyrosine in iceberg lettuce, six RTE iceberg 
lettuces samples from different European producers were screened to evaluate whether 3-
Chapter 4: 3-Chlorotyrosine formation in vegetable 
 
107 
 
chlorotyrosine could be found on commercial available products, purchased from Belgian 
retailers. Their 3-chlorotyrosine contents ranged from 1.00 ± 0.01 to 2.24 ± 0.09 µg/g 
vegetable suggesting in view of the results reported in Fig. 4-1 that concentrations from 2 to > 
141 mg HOCl/L were applied. Using chlorine has many benefits, such as diminishing water 
contamination, water consumption, and wastewater discharge rates thus improving water 
management. However the debate on the application of chlorine is going on at this moment 
within Europe (Van Haute et al., 2013). As discussed before, some EU countries do allow the 
application of chlorine to disinfect water and/or to decontaminate produce while others seem 
to be hesitant about this. In Belgium, for instance, the free chlorine residue of inlet water in 
the last wash bath must be below 0.25 mg/L of HOCl/OClˉ (Holvoet et al., 2012). In contrast, 
in Spain, a concentration of 50 mg/L HOCl (as national guideline) or 100 mg/L HOCl (as 
industrial recommendation) can be applied (Allende et al., 2008).  
For a more extended survey of the presence of 3-chlorotyrosine in commercially 
processed vegetables, three main product groups were considered: frozen vegetables, RTE 
lettuce mixes and RTE vegetable mixes. The blanched and frozen vegetables included carrot, 
cauliflower, broccoli, asparagus, cabbage, pea, bean, onion, leek, spinach, etc. The RTE 
lettuce mix contained endive, curly endive, radicchio, iceberg lettuce, arugula, chervil, butter 
crunch lettuce, loose leaf lettuce, mesclun, etc. The RTE vegetable mix was made from 
cabbage, carrot, red and green peppers, bean sprouts, leek, onion, celery, broccoli, 
cauliflower, corn, beetroot, etc. The RTE products are washed, cut and packaged and were 
analysed on the day of purchase. Table 4-1 shows the concentrations of 3-chlorotyrosine in 
the purchased samples. A total of 122 RTE vegetable samples were analysed and 3-
chlorotyrosine was detected above the LOD in 45% of the samples. 
RTE lettuce mixes contained the highest mean 3-chlorotyrosine levels (8.00 ± 8.81µg/g), 
median 4.46 µg/g, followed by the RTE vegetable mix (0.19 ± 0.36 µg/g), median 0.04 µg/g. 
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3-Chlorotyrosine contents of the lettuce mix ranged from 0.04 to 37.83 µg/g and from < LOD 
to 1.78 µg/g for vegetable mix, respectively. It was striking to observe that the concentrations 
were clearly higher as the plateau observed for the experiments conducted on iceberg lettuce 
(Fig. 4-1). It should be noted however that the samples exhibiting these higher 3-
chlorotyrsoine concentrations were lettuce mixes containing typically other varieties of young 
lettuce or leafy greens such as arugula, wasabi arugula, chervil, lamb’s lettuce, mesclun. 
These results seem to suggest that the chlorine induced chlorotyrosine formation can be 
highly variety and/or leaf maturity dependent. 
Table 4-1. 3-chlorotyrosine contents (µg/g) analysed in the different types of 
commercially purchased ready-to-eat vegetables. 
 
Type of vegetable N N < LOD LOD < N < LOQ Median (P50) Mean±stdev Max 
Lettuce mix 59 2 2 4.46 8.00 ± 8.81 37.83 
Vegetable mix 42 32 3 0.04 0.19 ± 0.36 1.78 
Frozen vegetable 21 18 3 0.04 0.08 ± 0.11 0.39 
 
LOD = 0.19 and LOQ = 0.38 µg 3-chlorotyrosine/g. 
 
The lowest levels were detected in frozen vegetables with only 14% of samples above 
LOD. This indicates that the application of chlorine in process water of frozen vegetable is 
rare or lower concentrations are applied. This can be explained by the fact that frozen 
vegetables may be blanched, treated with peroxyacetic acid in very low concentrations, 
specifically for prevention of biofilm formation and the water is reused for washing 
(Salomonsson et al., 2014). A possible explanation for the higher amount of 3-chlorotyrosine 
in the RTE lettuce mixes compared to the vegetable mixes is that similar to the antimicrobial 
activity of chlorine, the formation of 3-chlorotyrosine can be influenced by the type of 
vegetable. Additionally, Garg et al. (1990) observed that dipping vegetables in a chlorine 
solution (300 mg/L HOCl) had no effect on carrots or red cabbage, but reduced total 
microbial counts by about 1000-fold on lettuce. Other studies also found that chlorine 
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treatment was more effective on lettuce than on cabbage (Zhang and Farber, 1996) or 
coleslaw (Francis and O'Beirne, 2002). This result may be explained by the fact that the 
surface of cabbage may be more uneven and waxy than lettuce, causing a lower penetration of 
chlorine in cabbage compared to lettuce. Alternatively the use of alternative chlorinated 
disinfection agents such as chlorine dioxide should not be excluded. Vandekinderen et al. 
(2008) showed that the latter was a more effective agent to decontaminate fresh cut 
vegetables. Thus, it seems likely to suppose that it is also a more reactive substance towards 
tyrosine generating 3-chlorotyrosine, although this remains to be confirmed.  
As mentioned earlier, no published literature is available reporting high levels of THMs 
on vegetable when washed in chlorinated water. Uncut carrots were washed in warm tap 
water containing 200 mg/L HOCl (120 s, 50 °C) and subsequent cooling in cold tap water 
(120 s, 4 °C) (Klaiber et al., 2005). Whereas 0.2 µg/L trichloromethanes were detected in the 
washing water, only a slight by-product formation was found in carrots (2.5 µg/kg). (Gómez-
López et al. (2013) investigated the generation of THMs in baby spinach leaves and process 
wash water during washing with chlorine-based sanitizers at concentration of 2–4 mg/L 
HOCl. Both the process wash water treated with NaOCl and electrolysed water with the 
addition of NaCl showed THMs formation (194.0 and 125.9 µg/L, respectively) which 
exceeded the authorized limit of total THMs in drinking water fixed by the European 
legislation (100 µg/L, (EU, 1998) and US EPA regulation (80 µg/L, (EU, 1998; US EPA, 
2010). Fortunately, no residue could be detected in vegetable tissue after spraying with tap 
water. Similarly, Van Haute et al. (2013) reported that no measurable amount of total THMs 
was found in the rinsed butterhead lettuce. It seems possible that total THMs are 
predominately formed at the surface of the vegetable. Thus, the rinsing step proved to be 
effective to remove them. Shen et al. (2016) determined the concentrations of both HAAs and 
THMs in simulated fresh-cut lettuce wash water. The total HAA and the total THM 
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concentrations detected, 88–2103 µg/L and 20.79–859.47 µg/L respectively, were much 
higher than the authorized limits established by the US-EPA and European legislation. Based 
on the (US EPA, 2010), the maximum allowable level of HAAs in drinking water is 60 µg/L. 
The THM concentrations increased with higher organic loads and chlorine concentration. The 
changes in HAA concentrations linearly corresponded to the changes in the organic matter 
content, while they were less dependent on the chlorine concentrations.  
As mentioned earlier, there is a trend in eliminating chlorine from the disinfection 
process due to the environmental and health risks posed by the use of chlorine (Gil et al., 
2009; Olmez and Kretzschmar, 2009). Chlorine dioxide, ozone, organic acids, peroxyacetic 
acid and hydrogen peroxide are the main alternatives that gain interest in recent years. Artes 
et al. (2009) reported that for fresh-cut produce, chlorine dioxide did not react with organic 
matter to form by-products such as THMs or chloramines and thus could be a potentially non-
hazardous disinfectant. Van Haute  (2014) evaluated the efficiency of peroxyacetic acid, 
hydrogen peroxide, ozone and chlorine dioxide in fresh-cut vegetables washing process. The 
author pointed out that peroxyacetic acid showed the least additional disadvantages related to 
worker safety, related issues, and DBPs formation. The EFSA BIOHAZ panel published an 
opinion on several disinfectants (chlorine dioxide, acidified sodium chlorite, trisodium 
phosphate and peroxyacids) which could be used for reduction of pathogens on poultry 
carcasses and meat, and concluded that each of the chemicals posed no safety concern (EFSA, 
2005; EFSA, 2014a). 
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4.3.3 Deterministic exposure assessment of the low and high RTE 
vegetable consuming populations exemplified by Belgian and Spanish 
populations 
The contamination data obtained through the screening of commercially RTE vegetable 
on the Belgian market were integrated with the fresh vegetable consumption data of Belgium 
and Spain to estimate the 3-chlorotyrosine exposure assessment of the Belgian and Spanish 
populations. As mentioned before, during RTE vegetable washing process, the use of chlorine 
as a decontamination agent is allowed in Spain while it has been forbidden in Belgium. 
Although RTE vegetables were purchased from five retailers in Belgium, three of those 
retailers are also present in Spain. Most of the retailers have their own RTE vegetable brands 
beside the products of other brands. Moreover, a Spanish vegetable brand is popular in 
Belgium and many of their products are being sold over there. 
As the 3-chlorotyrosine content in frozen vegetables was very low, it was decided to 
focus on the exposure and risk assessment of 3-chlorotyrosine present in RTE vegetables 
only. The deterministic approach estimating intakes of 3-chlorotyrosine due to the 
consumption of RTE vegetables was applied for the lower, medium and upper bound 
scenarios and the results for the upper bound scenario (worst case scenario) are shown in 
Table 4-2.  
The difference between lower-medium-upper bound scenario’s was relatively small for 3-
chlorotyrosine exposure associated with the consumption of ready-to-eat vegetables. 
Specifically, P50 exposure due to the consumption of lettuce mix by Spanish population were 
2.793, 2.795 and 2.797 µg/kg BW/day for the lower, medium and upper bound scenario’s, 
respectively. The corresponding exposures of P95 were 6.510, 6.515 and 6.519 µg/kg 
BW/day. 
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Those results show basically that the analytical approach used is fit for its purpose. Of 
course analytical methods could always be made more sensitive but also the goal of the 
analytical method should be considered. In the framework of medical studies, it is obvious 
from literature data that more sensitive approaches are probably relevant. Within the food 
context however, it is obvious that a sufficiently high hypochlorite concentration should be 
applied in order to be effective. Such hypochlorite levels will result in measureable 
chlorotyrosine levels using the approach presented. Going lower in concentrations would 
probably result also in false positive results, given the fact that for the production of tap water 
hypochlorite is used and residual amounts can be present, which are expected to result in the 
formation of trace amounts of chlorotyrosine as well, which are either relevant in an exposure 
context or a context for evaluating the use of chlorotyrosine.  
The low exposure to 3-chlorotyrosine through consumption of fresh vegetable mixes, 
even at the maximum levels (1.92 and 0.27 µg/kg BW/day for the high and low RTE 
consuming populations, respectively), can be attributed to the low levels of 3-chlorotyrosine 
in the samples (Table 4-1).  
Table 4-2. Deterministic analysis of the upper bound calculated 3-chlorotyrosine 
exposure (maximum, mean and specified percentiles, µg/kg BW/day) associated with the 
consumption of ready-to-eat vegetables by the high and low consuming populations 
(exemplified by Spanish and Belgian populations).  
 
Type of vegetables Descriptive level Spain Belgium 
Lettuce mix Mean 2.05 0.24 
 P50 0.67 0.03 
 P75 2.80 0.22 
 P90 6.12 0.51 
 P95 6.52 0.93 
 Maximum 26.23
a
 26.23
a
 
    
Vegetable mix Mean 0.09 0.01 
 P50 0.02 0.00 
 P75 0.10 0.00 
 P90 0.23 0.02 
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 P95 0.30 0.03 
 Maximum 1.92 0.27 
 
LOD = 0.19 and LOQ = 0.38 µg 3-chlorotyrosine/g. 
The upper bound scenario corresponds to concentration data <LOD treated as equal to 
LOD (worst case scenario). 
Bold values indicate that exposure exceeds the threshold of toxicological concern of 1.5 
µg/kg BW/day. 
a
 Maximum values were adapted due to replacement based on maximum reported 
Belgian consumption data (Jacxsens et al., 2015). 
 
As a consequence of the high 3-chlorotyrosine content of the lettuce mix samples, the 
exposure due to the consumption of this product category was high. It is apparent that for all 
descriptive levels the TTC value for Cramer class III substance (1.5 µg/kg BW/day) are 
exceeded with the only exception of the percentile 50 (P50) for the exposure assessment for 
high consuming population (0.67 µg/kg BW/day). The maximum exposure for the 
consumption in both populations was 26.23 µg/kg BW/day and approximately 17.5 times 
higher than the TTC. Exposure due to the consumption of lettuce mix appears higher in Spain 
than in Belgium due to the fact that higher amounts are consumed daily by the former 
population (mean respective daily consumption: 15.61 g/person/day and 1.84 g/person/day 
(Jacxsens et al., 2015). Moreover, when sampling in Spain could be done, most probably 
higher 3-chlorotyrosine concentrations would be detected in vegetable due to the widely use 
of chlorine as decontamination agent. It can be concluded that consumers of RTE lettuce mix 
were exposed to a potential risk to 3-chlorotyrosine, especially for the higher consuming RTE 
lettuce population, exemplified by the Spanish situation. 
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4.3.4 Probabilistic exposure assessment of the low and high RTE vegetable populations 
Table 4-3. Best fit distributions and descriptive statistics (minimum, mean, median, specified percentiles and maximum) for the upper 
bound scenario of 3-chlorotyrosine concentration (µg/g) and the consumption of ready-to-eat vegetables (g/kg BW/day) by the high 
(exemplified by Spain) and low ready-to-eat vegetables consuming populations (exemplified by Belgium).  
 
Type of 
vegetable 
Variable Distribution function Min Mean Median 
(P50) 
P75 P95 Max 
Lettuce mix 3-chlorotyrosine concentration If(Randbetween(0;1)>0.03; RiskExpon(7.7926; 
RiskShift(0.077922));LOD) 
0.08 7.87 5.48 10.88 23.42 75.19 
Consumption by Spanish consumers 
Whole population (consumers and 
non-consumers) 
RiskGamma(0.51028;0.63694; 
RiskShift(0.00083333)) 
If(Randbetween(0;1)>0.19; distribution;0) 
0.00 0.33 0.15 0.43 1.24 5.23 
 Consumption by Belgian consumers 
Whole population (consumers and 
non-consumers) 
RiskInvgauss(0.042886;0.0050362; 
RiskShift(‒0.0000743393)) 
If(Randbetween(0;1)>0.28; distribution;0) 
0.00 0.04 0.01 0.03 0.19 2.81 
Vegetable mix 3-chlorotyrosine concentration If(Randbetween(0;1)>0.76; RiskExpon(0.11226; 
RiskShift(0.20733));LOD) 
0.21 0.32 0.29 0.36 0.54 1.47 
Consumption by Spanish consumers 
Whole population (consumers and 
non-consumers) 
RiskInvgauss(0.37717;0.063197; 
RiskShift(‒0.007979)) 
If(Randbetween(0;1)>0.23; distribution;0) 
‒0.01 0.37 0.09 0.29 1.64 18.74 
 Consumption by Belgian consumers 
Whole population (consumers and 
non-consumers) 
RiskInvgauss(0.047201;0.011986; 
RiskShift(0.00064354)) 
If(Randbetween(0;1)>0.52; distribution;0)) 
0.00 0.05 0.02 0.05 0.20 2.10 
LOD = 0.19 and LOQ = 0.38 µg 3-chlorotyrosine/g. 
Upper bound corresponds to concentration data <LOD treated as LOD (worst case scenario).  
Bold values indicate that exposure exceeds the threshold of toxicological concern of 1.5 µg/kg BW/day. 
Fraction of non-consumer (after (Jacxsens et al., 2015):  lettuce mix (0.19 = 106/556); vegetable mix (0.23 = 126/556) for Spain. 
lettuce mix (0.28 = 426/1522); vegetable mix (0.52 = 793/1522) for Belgium. 
Fraction of samples < LOD:  lettuce mix (0.03 = 2/59); vegetable mix (0.76 = 32/42) 
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Table 4-4. Probabilistic exposure of upper bound 3-chlorotyrosine intake (minimum, 
maximum, mean, standard deviation and specified percentiles, µg/kg BW/day) 
associated with the consumption of ready-to-eat vegetables by the high (exemplified by 
Spain) and low ready-to-eat vegetables consuming populations (exemplified by 
Belgium), both for the consumers and whole population (including consumers and non-
consumers in a population).  
 
Type of 
vegetables 
Descriptive level Spain Belgium 
Consumer Whole 
population 
(consumers 
and non-
consumers) 
Consumer Whole population 
(consumers and 
non-consumers) 
Lettuce mix Min 0.00 0.00 0.00 0.00 
 Mean 1.34 0.68 0.17 0.08 
 Standard deviation 4.38 3.38 0.91 0.68 
 P50 0.10 0.00 0.01 0.00 
 P95 6.87 3.29 0.61 0.25 
 P97.5 12.02 6.55 1.32 0.59 
 P99 20.79 13.33 3.00 1.50 
 Max 99.26 99.26 30.43 30.43 
 % TTC excess 
a
 16.98 8.52 2.15 0.99 
      
Vegetable mix Min 0.00 0.00 0.00 0.00 
 Mean 0.10 0.05 0.01 0.01 
 Standard deviation 0.27 0.21 0.03 0.02 
 P50 0.02 0.00 0.00 0.00 
 P95 0.42 0.24 0.05 0.03 
 P97.5 0.73 0.45 0.08 0.05 
 P99 1.21 0.84 0.12 0.09 
 Max 6.46 6.46 0.66 0.66 
 % TTC excess 
a
 0.60 0.31 0.00 0.00 
 
LOD = 0.19 and LOQ = 0.38 µg 3-chlorotyrosine/g. 
Upper bound corresponds to data (<LOD) treated as LOD.  
Bold values indicate that exposure exceeds the threshold of toxicological concern of 1.5 
µg/kg BW/day. 
a
 Percentage of population exceeded TTC (threshold of toxicological concern) of 90 
µg/person/day or 1.5 µg/kg BW/day (1 person = 60 kg BW). 
 
Best fit distributions using Chi-square and descriptive statistics were formed for 3-
chlorotyrosine concentrations in the two types of RTE vegetables and all consumption data 
are shown in Table 4-3. Those best fit distributions were further applied for the probabilistic 
estimates of the exposure (Table 4-4). Considering the dietary exposure to 3-chlorotyrosine in 
Chapter 4: 3-Chlorotyrosine formation in vegetable 
116 
 
the vegetable mix for Spanish and Belgian consumers (low and high consuming population), 
it was apparent that with the exception of the P95 and maximum level for the high consuming 
population, all others values were lower than the TTC (Table 4-3). Thus at the highest level 
of exposure the TTC was exceeded 4 times. And, 0.60% of the Spanish consumers (> 144,000 
people) and 0.31% of the high consuming Spanish population (> 96,000 people) exceeded the 
TTC while none of the Belgian consumers are likely to exceed the TTC via the consumption 
of vegetable mixes (Table 4-4).  
For the lettuce mix, 2.15% of the consumers (> 113,000 people) and 0.99% of the total 
population (> 72,000 people) was exposed to 3-chlorotyrosine levels above 1.5 µg/kg 
BW/day in case of the low consuming population exemplified by the Belgian consumption 
data. For the high consuming population, 16.98% of the consumers (> 4.2 million people) and 
8.52% of the total population (> 2.6 million people) exceeded the TTC, exemplified by the 
Spanish consumption data (Table 4-4).Despite the fact that the mean intakes were only 1.34 
and 0.68 µg/kg BW/day for the high RTE consumers and the whole studied population 
respectively (including consumers and non-consumers), all other dietary exposures levels of 
3-chlorotyrosine well exceeded the defined TTC, with the exception of the minimum and P50 
exposures. High RTE consumers of lettuce mix exceed the TTC approximately 5–66 times 
(P95, 6.87 µg/kg BW/day; P97.5, 12.02 µg/kg BW/day; P99, 20.79 µg/kg BW/day; max, 99.26 
µg/kg BW/day). The corresponding values for the whole studied population (including 
consumers and non-consumers) were 3.29, 6.55, 13.33 and 99.26 µg/kg BW/day, respectively 
(Table 4-4). 
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4.3.5 Uncertainty evaluation of the exposure assessment 
For the interpretation of the results presented in this work, uncertainties associated with 
exposure assessments need to be considered. A noticeable difference of 3-chlorotyrosine 
intakes estimated with the deterministic and probabilistic approach was obvious. This 
discrepancy could be attributed to the presence of 24% data that were above the LOD for 3-
chlorotyrosine in the vegetable mix. Furthermore, the occurrence of 3-chlorotyrosine in RTE 
vegetables was determined in the Belgian market only, where the use of chlorine on this kind 
of product is strongly under discussion (Holvoet et al., 2012; Van Haute et al., 2013). This 
could contribute for an underestimation of 3-chlorotyrosine intake for the exposure 
assessment of RTE vegetables in Spain because chlorination for product washing is allowed 
and supported in Spain (Allende et al., 2008). Moreover, as mentioned before, 3,5-
dichlorotyrosine, which is supposed to have the same TTC value as 3-chlorotyrosine is likely 
to be present in the samples as well, thus underestimating the reported risk. 
4.4 Conclusions 
To our knowledge, this is the first study to assess the dietary exposure of populations to 
3-chlorotyrosine through the consumption of ready-to-eat vegetables, processed in 
commercial fresh-cut processing plants applying chlorine as disinfectant of wash water (lower 
concentrations of HOCl ranging between 1.41 and 7 mg/L) or decontamination agent of fresh 
produce (higher concentration ranging between 21 and 141 mg/L). The results of HOCl 
treatments of iceberg lettuce experiments indicated that 3-chlorotyrosine formation depends 
on the HOCl concentration. In addition, for iceberg lettuce, the current analytical method 
allows to detect the use of as low as 1.41 mg HOCl/L. The survey of the presence of 3-
chlorotyrosine in 122 processed vegetables has shown that 3-chlorotyrosine was detected 
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above the detection limit in 97, 24 and 14% of the lettuce mixes, vegetable mixes and frozen 
vegetables, respectively.  
Based on the TTC approach, no risk could be identified related to the consumption of 
frozen vegetables both for the low consumers (exemplified by Belgian consumers) or high 
consumers (exemplified by Spanish consumers). The results indicated that 3-chlorotyrosine 
exposure through the lettuce mix could be potentially a great health concern, surely in those 
countries with a higher consumption pattern and/or if chlorine is used as a decontamination 
agent rather than as a disinfection agent, requiring higher concentrations. As such, it is 
necessary to gain more knowledge on the impact of the application of chlorine in vegetable 
washing processes on the presence of chemical by-products apart from the well-studied 
THMs and HAAs. This information can feed the pro and contra discussion currently going on 
in Europe on the approval of the application of chlorine in water used in food industries. In 
addition the results presented in this study indicate that the more accurate toxicological data 
on 3-chlorotyrosine are required. 
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CHAPTER 5. GENERAL CONCLUSIONS AND FUTURE 
PERSPECTIVES 
5.1 3-Chlorotyrosine: a potential qualitative indicator to evaluate 
the use of chlorine disinfectants 
The use of disinfectants in food processing and food production is desirable to minimize 
microbiological contamination of the product, to extend shelf- life, and to reduce the risks of 
food-borne illness. A potent disinfectant should be effective against pathogens, but in addition 
should not induce the formation of toxic by-products and residues and should not negatively 
impact the shelf-life and nutritional quality of the food products. Also its potential 
environmental impact should remain limited (Gómez-López et al., 2009; Joshi et al., 2013; 
Ulrike et al., 2016). Disinfectants commonly studied and used in the food industry include 
ozone, chlorine, chlorine dioxide, hydrogen peroxide and peroxyacetic acid. 
Aside from the quality aspect, there is a legal issue with respect to the use of 
disinfectants. The US is more tolerant towards the use of food decontamination agents. 
Conversely, their applications for food decontamination are not legalized in EU. Similarly, the 
use of chlorine as a sanitizer to decontaminate animal products is prohibited in the EU while 
chlorine can be applied only in low concentration for water disinfection in some European 
countries such as Germany, Switzerland, the Netherlands, Denmark and Belgium for the 
fresh-cut vegetable industry. Typically, despite the FAO/WHO recommendations and national 
legislation, applied concentrations of disinfectants can be too high because of insufficient care 
or ignorance. However, the potential qualitative indicators to evaluate the use of disinfectants 
are absent; in other words, it is currently not possible to check if a disinfection agent was used 
or not and to which extent. This is because first of all the disinfection products on their own 
are very reactive and thus it is unlikely that residues of the active compounds as such are still 
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present in the food. Secondly, the reaction products formed are unstable or are not specific 
enough. Therefore there is a need to identify potential indicators and as chlorine is the most 
commonly used disinfectant, this study focused on hypochlorite. 
This study has demonstrated, for the first time, that 3-chlorotyrosine is a potential marker 
to detect the use of chlorine disinfectants in fish fillets and vegetables. It was not possible to 
link a particular concentration of chlorotyrosine to a particular intensity of hypochlorite 
application. The findings of this study suggest that many variables have an impact on the 
HOCl induced chlorotyrosine formation. The levels of 3-chlorotyrosine not only depend on 
the level of HOCl used, but also on the pH, the type of protein and its tyrosine content. 
Accordingly it could only be concluded that hypochlorite was used or not. An important 
consequence is that the limit of detection in terms of intensity of the hypochlorite treatment is 
matrix dependent and thus cannot be set in a generic manner. Although the LODs for 3-
chlorotyrosine in fish fillets and vegetables proved to be comparable (0.21 and 0.19 µg/g), 
their 3-chlorotyrosine formation potential as function of the intensity of the hypochlorite 
treatment proved to be strongly matrix dependent. Thus the analytical approach used, allowed 
to detect the use of hypochlorite as low as 1.41 mg/L (5 min) in iceberg lettuce, while for 
gilthead seabream, the lowest hypochlorite concentration used which could be detected 
amounted 22 mg/L (10 min). Despite this inherent disadvantage, it is obvious that 
hypochlorite should be used at a particular concentration in order to be effective as below a 
particular threshold it makes no sense to apply it. Given the fact that such a threshold is 
typically 50 mg/L (FAO/WHO, 2008a) it can be concluded that the approach presented is 
useful to detect the potential use of hypochlorite in contact with the investigated foods. 
A better assessment of the level of oxidative damage to proteins and amino acids in food 
matrices can be achieved by measuring both 3-chlorotyrosine and 3,5-dichlorotyrosine. 
Unfortunately, attempts to co-monitor 3,5-dichlorotyrosine using the analytical approach 
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failed. By no doubt, in order to better understand the phenomena studied, a more complete 
monitoring of the 3-chlorotyrosine and 3,5-dichlorotyrosine formation is absolutely 
necessary. We have evidence that by using the EZ-faast Phenomenex derivatization protocol, 
which is based on the same chemistry as the one which was presented in this work using, 
however a different alcohol (isopropyl instead of ethanol), also dichlorotyrosine can be 
detected. Quantitative research however in this area was not conducted.   
As hypochlorite is not the only disinfectant or decontaminant used in the food industry, it 
is obvious that other markers should still be identified to detect the use of other active 
compounds. For chlorine dioxide, the use of chlorotyrosine as a potential marker seems 
promising. For hydrogen peroxide and peracetic acid, however other molecular targets should 
be identified. The formation of epoxy fatty acids from a peroxyacetic acid treatment as 
recently shown in our laboratory (unpublished results). 
Currently we consider chlorotyrosine as qualitative marker as in order to consider it as a 
quantitative marker, more research is necessary. In view of the criteria of a useful biomarker 
outlined above, we consider it as a potential qualitative marker because: 
• It is sensitive enough to detect the use of hypochlorite at a 22 mg/l concentration, which 
is still above, but close to the 10 mg/l concentration recommended by Codex to be used in 
direct contact with fish. If the analytical method could be more sensitive (i.e. using LC/MS or 
an alternative derivatization protocol) it should however be feasible to detect the use of such 
lower hypochlorite concentrations as well. It seems less relevant to detect even lower 
concentrations of hypochlorite, as at such low levels it would not be active anymore. 
Obviously abusive use of hypochlorite, which was observed by the author in local production 
facilities, would be detectable with the approach presented in this work. 
• Chlorotyrosine is most likely specific for the use of chlorine containing disinfectants, 
but more research is necessary to confirm this. It should also be confirmed if the use of other 
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disinfectants, i.e. peracetic acid, induces the formation of chlorotyrosine, although we 
consider it less likely. 
• The relevance of chlorotyrosine is clear as its formation can be directly linked to the 
reaction between hypochlorite and tyrosine. 
• As proteins are always present in the considered type of samples, it is obvious that the 
sample is obtainable 
• The approach presented is relatively tedious, but on the other hand applies readily 
accessible GC/MS approaches, which are also well established in countries in the South, 
active in large scale aquaculture. 
• The chlorotyrosine was proven to be stable throughout preservation of the samples. It 
should be noted however that if excessive hypochlorite treatments are applied, that it is 
expected that a further conversion to dichlorotyrosine (and even to phenylacetaldehyde) is 
possible, but on the other hand too excessive treatments would also result in sensorial 
deterioration. 
5.2 3-Chlorotyrosine: a potential food safety issue 
This study is the very first to assess the dietary exposure of populations to 3-
chlorotyrosine through the consumption of ready-to-eat vegetables. The threshold of 
toxicological concern was used as more accurate and specific toxicological thresholds are 
currently not available. Overall, the results indicated that even a small amount of hypochlorite 
in the washing water can generate relevant concentrations of 3-chlorotyrosine in the treated 
vegetable. 
On basis of a personal communication (Vromant, 2011; Vromant, 2016) there are 
indications that 3-chlorotyrosine is neurotoxic in dog puppies. These indications are based on 
a case presented to our lab with respect to pet food in which most likely hypochlorite treated 
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rice flour was used. The pet food caused acute epilepsy in young dogs and the presence of 3-
chlorotyrosine could be proved. Although the actual reason for the presence of the 
hypochlorite treated rice flour in the pet food remains unclear, it could be related to the use of 
hypochlorite for the oxidation of (rice) starch flour, which is a common practice in order to 
modify the properties of starch (Sanchez-Rivera et al., 2005; Sandhu et al., 2008; 
Sangseethong et al., 2010; Wang and Wang, 2003). Thus this case shows that the presence of 
3-chlorotyrosine as a result of hypochlorite treatment is not only relevant for the food 
industry, but also for the feed industry. 
It is obvious that apart from 3-chlorotyrosine, also other substances will be produced 
during the hypochlorite treatment of foods. Some of these compounds are identified, but most 
likely many more compounds remain unknown. Considering this, some relevant reflections 
with respect to the safety of hypochlorite treated foods can be made. First of all, a parallel can 
be made to migration residues from food contact materials. In food contact materials, so 
called non-intentionally added substances, or NIAS, are present originating from impurities in 
the starting materials, side products produced during processing, or from recycled materials 
(Geueke, 2013). For such substances typically a default maximum concentration of 10 ppb in 
the food is applied within the EU. The rationale behind such a threshold is that the toxicity of 
such substances is not known as the compounds as such are not identified. Above this 
concentration, current EU legislation with respect to the migration from plastic food contact 
materials does not allow such materials to be brought on the market. In view of the 
concentrations of 3-chlorotyrosine reported in this study, it is obvious that hypochlorite foods 
are likely to contain a number of unidentified compounds above this particular threshold of 10 
ppb.  
A second reflection which can be made is the fact that a mixture of potentially toxic 
compounds is produced. Safety assessment of mixtures of toxic compounds is still an 
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emerging field, which is however rapidly developing and which is also receiving a 
considerable amount of attention. As it is likely that as a result of a hypochlorite treatment of 
a food, a mixture of different components is produced, it seems relevant that in the risk 
assessment of such foods, the effect of such mixtures is considered. It remains unclear 
however if this would be practically feasible as some of the reaction products are known to be 
unstable during the application of the usual analytical protocols. Various reaction products of 
hypochlorite with tryptophan for instance are known, but these are degraded during protein 
hydrolysis (Hawkins et al., 2003; Pattison and Davies, 2001), a key step in analytical 
procedure.  
A third reflection considers an alternative approach which could be applied to assess the 
safety of hypochlorite treatments. This is the application of particular bioassays or even in 
vivo tests using animal models. It remains unclear however to which extent bioassays are able 
to cover all relevant toxicological phenomena. If for instance more information would be 
available on the neurotoxic character of 3-chlorotyrosine and if for instance an receptor based 
mechanism would be involved, one could think about a receptor based assay specific for 3-
chlorotyrosine. Alternatively, an 3-chlorotyrosine specific ELISA could be developed. 
Similarly, in view of the earlier papers claiming that the potential toxic effects of chlorine 
treated flour were not relevant with respect to human health (Fukayama et al., 1986), and in 
combination with our observations that the formation of reaction products is likely to be 
strongly matrix dependent, it remains unclear to which extent a generalised conclusion about 
the safety of hypochlorite application in a broad variety of foods can be made.  
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5.3 Hypochlorite for food decontamination or disinfection: to be 
or not to be? 
In view of the above mentioned uncertainties with respect to the use of hypochlorite and 
its impact on chemical food safety, one can wonder if its use is still reasonable. Of course, 
foods without risks are an illusion and in this particular context, it is also a matter of 
comparing risks versus one another: the microbiological risk of a pathogen versus the 
chemical risk of e.g. 3-chlorotyrosine for instance. It was not the intention of this study to 
carry out such a risk-benefit analysis however. Similarly, increasing the shelf-life of products 
by reducing the counts of spoilage micro-organisms is considered an important element in 
view of the sustainability discussion and the issue of food waste. Also the reduction of 
process wash water usage in the industry fits within this sustainability discussion. On the 
other hand, it has been proven that the impact of hypochlorite treatments on internalized 
pathogenic bacteria in food matrices is far less effective compared to pathogenic bacteria 
which have been added deliberately to these matrices. Similarly, prolonging shelf-life is not 
only a positive element for the consumer, but is also a major advantage for the retailer and the 
supply chain. With respect to the water reconditioning in the food industry, it should be noted 
as well that today other technologies are available which enable to reduce water usage in a 
safe way by using particular purification techniques (e.g. reversed osmosis).  
The fact that a major vegetable processor has decided already a couple of years ago to 
abandon the use of decontamination or disinfectant agents in direct contact with foods and 
rely on other technological resources to ensure product and water quality, not only proves that 
alternatives are feasible, but also that major players in the field consider that the use of such 
agents have probably more disadvantages than advantages. In view of the observations done 
in this study, such decisions are considered encouraging. 
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More in depth research is necessary before 3-chlorotyrosine can be used as a quantitative 
biomarker, i.e. to link it with a particular concentration of hypochlorite used. Evidently this 
link will be influenced by many factors apart from only the hypochlorite concentration: time 
of treatment, temperature of the treatment, type of protein, accessibility of the protein, 
concentration of (free) tyrosine, pH, presence of other compounds, etc. Considering the high 
number of variables, we think it could be realistic to find a quantitative relationship for a 
particular matrix or group of similar matrices, while it seems unrealistic to find such a 
relationship over a broad group of foods (e.g. fish and vegetables combined). Even if such a 
quantitative relationship could be found with a restricted group of matrices, it seems also 
necessary to consider various other parameters apart from only the measured chlorotyrosine 
content, probably necessitating multivariate statistics to validate such quantitative models and 
interpret the data obtained. This will also make the analytical input more considerable. On it is 
own, we consider chlorotyrosine as a qualitative indicator for the use of hypochlorite (and 
potentially also other chlorine containing disinfection agents) in foods. 
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